Introduction {#s1}
============

The vascular system consists of two highly organized, branched, and stereotypic circuits of blood vessels and lymphatic vessels ([@bib1]; [@bib48]). Blood vessels develop by two unique mechanisms: vasculogenesis, de novo synthesis involving differentiation of cells from endothelial precursor cells (angioblasts), and angiogenesis, formation of vessels from pre-existing vessels by either (a) sprouting, proliferation, and migration of endothelial cells (ECs) or (b) bifurcation of a preexisting blood vessel into two ([@bib1]; [@bib42]; [@bib48]).

The selection of sprouting ECs is controlled positively by the pro-angiogenic vascular endothelial growth factor (VEGF) and negatively by pericytes, extracellular matrix molecules or VEGF inhibitors. Thereafter, the endothelial tip cells have the capacity to extend filopodia in order to respond to attractive or repulsive signals of the environment. Guidepost cells have been shown to direct tip cells pathfinding by cell contact adhesion or by secreting soluble guidance cues. Therefore, endothelial tip cells share numerous similarities with axonal growth cones and it is admitted that axons and blood vessels use similar mechanisms in order to form complex networks ([@bib15]; [@bib25]). Additionally, pathfinding of blood vessels has been shown to require Sema3E/PlexinD1, Netrin-1/Unc5B, and Slit/Robo4 signaling ([@bib1]; [@bib15]; [@bib55]; [@bib49]; [@bib25]). Sprout extension is made by the migration of the stalk ECs behind the tip cell or by local proliferation of stalk ECs. The fusion of adjacent sprouts and vessels that occurs after tip cells encounter each other is regulated by adhesive or repulsive interactions.

Blood vessels in the telencephalon of embryonic mice are divided into pial or periventricular vessels based on their anatomical location, their growth patterns and development. The periventricular vessels are believed to give birth to the arterial networks, while the pial vessels may generate the venous sinuses ([@bib39]). As soon as E9, developing pial vessels forming a vascular plexus surround the entire brain without following any obvious spatial or temporal gradient. By contrast, the periventricular vessels develop in a ventral-to-dorsal gradient within the telencephalon. Angiogenesis in the embryonic telencephalon, in addition to the extrinsic factors listed above, is also controlled by a set of region-specific transcription factors, from the ventral telencephalon such as Nkx2.1 and Dlx2, and from the dorsal telencephalon like Pax6 that are expressed in a subset of ECs ([@bib93]; [@bib94]). The distinct spatial and temporal expression of these transcription factors has been shown to direct telencephalic vascular development.

Until now, macrophages that lie in close proximity to the blood vessels have been known to act as angiogenic agents and have been implicated in blood vessel development during growth and repair ([@bib27]; [@bib61]; [@bib67]; [@bib68]; [@bib77]). In brain, early embryonic macrophages travel from the yolk sac, express Tie2 and the neuropilin 1 receptor, and are present at the time of brain vascularization. They were observed to localize at vessels junctions and interact with the endothelial tip cells, by forming bridges to align them and to prepare them for the later fusion ([@bib27]; [@bib67]; [@bib68]). In this paper, we discovered that another class of glial cells, NG2^+^ glia, are also involved in the vascular network formation in the early mouse telencephalon.

NG2^+^ glia or polydendrocytes constitute a population of cells that are different from neurons, mature oligodendrocytes, astrocytes, and microglia ([@bib65]; [@bib62]). They express NG2 (Nerve/glial antigen 2 or CSPG for chondroitin sulfate proteoglycan) and Olig2 (Oligodendrocyte precursor bHLH transcription factor 2) but lack astrocytic markers namely GFAP (glial fibrillary acidic protein) and GLAST (Astrocyte-specific glutamate and aspartate transporter). They display complex highly branched morphology and are uniformly distributed within the grey and white matter throughout all layers. They generate oligodendrocytes in vitro and have been considered since a long time as oligodendrocyte progenitor cells ([@bib76]; [@bib63], [@bib64], [@bib62]; [@bib101]). However, recently, NG2^+^ glia have also been shown to differentiate into neurons and protoplasmic astrocytes in the grey matter as well as in the white matter ([@bib78]; [@bib101]; [@bib100]). Furthermore, electrophysiological studies indicate that NG2^+^ glia receive synaptic input from neurons, and like astroglia, probably participate to the neuronal network ([@bib73]; [@bib13]). NG2^+^ glia have also been implicated in synaptic reorganization after cortical and spinal cord injury, but their precise role is still unknown ([@bib66]; [@bib62]).

This study displays a novel function for this rather recently classified glial cell population. The embryonic NG2^+^ glia of the dorsal telencephalon originate from the subpallial Nkx2.1^+^ progenitors. Interestingly, they occupy the telencephalon at the same time as the establishment of the blood vessel network. Additionally, they not only originate at the same time but also reside very closely to the developing vessel network. Hence, the strategic temporal occurrence is conjugated with spatial proximity to the vessel network. They are closely juxtaposed to the blood vessels, either at sprouting tip cells, branching points or along the vessel walls. Remarkably, in their absence, the embryonic vasculature was poorly developed and exhibited reduced connectivity. Our results bring forth a new function for this class of glia. In summary, our findings propose the participation of *Nkx2.1*-derived NG2^+^ glia toward blood vessel network formation and stabilization during late embryonic ages. Therefore, this study gives new insights into the mechanisms involved in brain angiogenesis and implies that transient NG2^+^ glia work together with macrophages in guiding vessels.

Results {#s2}
=======

Identification of transient *Nkx2.1-*derived NG2^+^ glia in embryonic telencephalon {#s2-1}
-----------------------------------------------------------------------------------

Here, we identified early NG2^+^ glia within the embryonic telencephalon and investigated their function during development. To this purpose, we first characterized the molecular identity and origin of the embryonic NG2^+^ glia that populated the telencephalon. To selectively fate map the NG2^+^ glia, we used NG2 immunostaining in wild-type (WT) mice, *Cspg4-cre^+^/Rosa-EYFP* (CSPG or chondroitin sulfate proteoglycan also known as NG2) and *Nkx2.1-cre^+^/Rosa-EYFP* mice. Between E12.5-to-E16.5, we observed that the NG2^+^ glia were positioned within the marginal zone (MZ), the subplate, the intermediate zone (IZ) and the sub-ventricular zone (SVZ) of the lateral cortical area, and in the septum (SEP) of the WT mice ([Figure 1](#fig1){ref-type="fig"}). They populated the midline corticoseptal boundary (CSB) region at E12.5 (n=3) ([Figure 1A](#fig1){ref-type="fig"}), and the cingulate bundle (CI), the cingulate (CCi) and frontal (CFr) cortices at E14.5 (n=3) ([Figure 1B and 1C](#fig1){ref-type="fig"}). By E16.5, NG2^+^ glia were ubiquitously dispersed within the WT dorsal telencephalon (n=3) ([Figure 1D](#fig1){ref-type="fig"}).10.7554/eLife.09102.003Figure 1.NG2^+^ glia are in close contact with blood vessels.(**A--D**) Double immunohistochemistry for NG2 and Isolectin (**A1--A3, B1--B3**) and for NG2 and PECAM (**C1--C3, D1--D2**) on coronal cingulate cortex (CCi) and cingulate bundle (CI) sections of wild-type mice (n=3 each) at E12.5 (**A1--A3**), at E14.5 (**B1--B3** and **C1--C3**), and at E16.5 (**D1--D2). A3, A2, B2, B3, C2, C3**,and **D2** are higher power views of the region in **A1, B1, C1,** and **D1**, respectively (white arrowheads). **D3** is an isosurface reconstruction of the labeling seen in **D2**. The processes of the NG2^+^ glia are in close contact with adjacent blood vessels (open arrowheads in **A3, B3,** and **C3**). Bar = 675 μm in **A1, B1,** and **D1**; 50 μm in **A2, B2, C1,** and **D2**; 40 μm in **A3, B3, C2,** and **C3. CSB**, corticoseptal boundary at the midline where the corpus callosum will form.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.003](10.7554/eLife.09102.003)

We then analyzed in detail the *Cspg4-cre^+^/Rosa-EYFP* mice wherein the NG2 promoter dictated specific Cre recombinase expression which then lead to permanent YFP expression from the constitutively active Rosa promoter. In *Cspg4-cre^+^/Rosa-EYFP* mice, the YFP signal was detected in a majority of embryonic NG2^+^ glia of the dorsal telencephalon (at E18.5: 71.7 ± 14.6% in the corpus callosum (CC), 57 ± 3.8% in the CI and 69 ± 5.3% in the CCi; n=3) ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}). The entire cell population visualized by the YFP signal at E16.5--E18.5 co-expressed NG2 (n=3) and Olig2 (n=3), two well-known markers for NG2 glia, and also S100β (n=3) , considered as a marker for astrocytes and NG2^+^ glia ([@bib14]; [@bib40]; [@bib78]) ([Figure 2A--C](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1E](#fig2s1){ref-type="fig"}). As expected, at same ages they did not express the specific astrocytic markers GLAST (n=3) and GFAP (n=3) ([Figure 2D--E](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1E](#fig2s1){ref-type="fig"}). Although immunostaining showed that in WT mice, PDGFR-β^+^ pericytes adjacent to the vessels were NG2^+^ ([Figure 3D](#fig3){ref-type="fig"}), Cre-mediated recombination in *Cspg4-cre^+^/Rosa-EYFP* mice did not occur properly in the pericytes. As a result, although NG2 is expressed by pericytes ([@bib52]; [@bib84]; [@bib95]), we found only very few PDGFR-β^+^ pericytes labeled for the YFP in *Cspg4-cre^+^/Rosa-EYFP* telencephalon ([Figure 3B](#fig3){ref-type="fig"}, n=3). A substantial proportion of the PDGFR-β^+^ pericytes population was YFP^-^. Quantifications of the two populations: PDGFR-β^+^/YFP^-^ pericytes and PDGFR-β^+^/YFP^+^ pericytes showed that only 4.95 ± 1.54% of total PDGFR-β^+^ pericyte-population was co-labeled with YFP ([Figure 3G](#fig3){ref-type="fig"}, n=10). Thus, vast majority of the YFP signal in *Cspg4-cre^+^/Rosa-EYFP* brains was present in NG2^+^ glia alone.10.7554/eLife.09102.004Figure 2.NG2^+^ glia of the dorsal telencephalon are derived from Nkx2.1^+^ progenitors of the subpallium.(**A--E**) Double immunohistochemistry for the YFP and NG2 (**A1--A2**) (n=3), the YFP and Olig2 (**B**) (n=3), the YFP and S100β (**C**) (n=3), the YFP and GLAST (**D**) (n=3), and the YFP and GFAP (**E**) (n=3) on telencephalic coronal slices of *Cspg4-cre^+^/Rosa-EYFP* mice at E16.5 (**B** and **D**) and E18.5 (**A1, A2, C,** and **E**). (**F--J**) Double immunohistochemistry for the YFP and NG2 (**F1--F2**) (n=5), the YFP and Olig2 (**G**) (n=5), the YFP and S100β (**H**) (n=4), the YFP and GLAST (**I**) (n=4), and the YFP and GFAP (**J**) (n=3) on telencephalic coronal slices of *Nkx2.1-cre^+^/Rosa-EYFP* mice at E16.5 (**F1, F2,** and **H**) and E18.5 (**G, I,** and **J**). **A2** and **F2** are higher power views of the cingulate region in **A1** and **F1**, respectively. The *NG2*-derived and the *Nkx2.*1-derived YFP^+^ cells co-express polydendroglial markers, NG2 and Olig2, together with S100β (white arrowheads) but lack expression of GLAST and GFAP (open arrowheads in **D** and **I**). Bar=675 μm in **A1, F1**; 100 μm in **E, J**; 50 μm in **A2, B, C, D, F2, G, H, I**.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.004](10.7554/eLife.09102.004)10.7554/eLife.09102.005Figure 2---figure supplement 1.YFP signal in *Nkx2.1-cre^+^/Rosa-EYFP* and *Cspg4-cre^+^/Rosa-EYFP* mice is present in NG2 glia.(**A**) Bars (means ± SEM) represent the percentage of YFP-labeled NG2 glia in corpus callosum (CC), cingulate bundle (CI), and cingulate cortex (CCi) sections of E18.5 *Cspg4-cre^+^/Rosa-EYFP* mice (n=3). The YFP signal in *Cspg4-cre^+^/Rosa-EYFP* mice was detected in a majority of NG2^+^ embryonic glia of the dorsal telencephalon (71.7 ± 14.6% in the CC, 57 ± 3.8% in the CI and 69 ± 5.3% in the CCi at E16.5, n=3). (**B--C**) Double immunohistochemistry for NG2 and PECAM in CCi coronal sections of *Cspg4-cre^-^/Rosa-DTA* (n=3) (**B**) and *Cspg4-cre^+^/Rosa-DTA* (n=3) (**C**) mutant mice at E18.5. Scale bar = 50 µm in **B** and **C**. (**D**) Bars (means ± SEM; unpaired Student's *t-*test) represent the percentage of remaining NG2 glia in the telencephalon of E18.5 *Cspg4-cre^+^/Rosa-DTA* mice compared to control mice. A drastic loss of NG2^+^ glia followed by severe vascular defects was observed in *Cspg4-cre^+^/Rosa-DTA* mice compared to *Cspg4-cre^-^/Rosa-DTA*. (**E**) Bars (means) represent the percentage of glial markers expression by YFP-labeled NG2 glia in the CC, Cl, and CCi of E18.5 *Cspg4-cre^+^/Rosa-EYFP* mice. In *Cspg4-cre^+^/Rosa-EYFP* mice, all YFP-labeled NG2 glia of the dorsal telencephalon expressed NG2^+^/Olig2^+^ (n=2), many S100β^+ ^(n=2) but no GLAST^+^ (n=3) or GFAP^+^ (n=2). (**F**) Bars (means)represent the percentage of NG2 markers expression by YFP-labeled cells in the telencephalon of E18.5 *Nkx2.1-cre^+^/Rosa-EYFP* mice (n=4) (47.24% in the CC and 27.2% in the Cl). CC, corpus callosum; CCi, cingulate cortex; Cl, cingulate bundle.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.005](10.7554/eLife.09102.005)10.7554/eLife.09102.006Figure 2---figure supplement 2.*Nkx2.1*-derived NG2 and Olig2 glia are transient and gradually disappear from the dorsal pallium at postnatal ages.(**A--C**) Double immunohistochemistry for GFP and NG2 on coronal telencephalicsections from *Nkx2.1-cre^+^/Rosa-EYFP* mice at P0 (n=3) (**A1--A2**), P2 (n=3) (**B1--B2**), and P8 (n=2) (**C1--C2**). (**D**) Double immunohistochemistry for GFP and Olig2 on coronal telencephalicsections from *Nkx2.1-cre^+^/Rosa-EYFP* mice at P8 (n=2) (**D1--D3**). Cell nuclei were counterstained in blue with Hoechst (**A1, B1,** and **C1**). **A2, B2, C2,** and **D3** are high-power views of the cingulate bundle (Cl) seen in **A1, B1, C1**, and **D1**, respectively. In the Cl of *Nkx2.1-cre^+^/Rosa-EYFP* mice brains at P2, only very few *Nkx2.1*-derived NG2 glia remained (arrowheads **B2**). At P8, *Nkx2.1*-derived NG2 and Olig2 glia disappeared completely and were replaced by NG2 and Olig2 glia that did not expressed the YFP and were not derived from Nkx2.1 germinal domains (open arrowheads in **A2** and **C2**). At all postnatal ages many *Nkx2.1*-derived GABAergic interneurons found in this region were not labeled for NG2 (arrows in **B2** and **C2**).Scale bar = 675 µm in **A1, B1, C1** and **D1**; 40 µm in **A2, B2** and **C2;** 100 µm in **D2** and D3. CC, corpus callosum; CCi, cingulate cortex; LV, lateral ventricles; SEP, septum.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.006](10.7554/eLife.09102.006)10.7554/eLife.09102.007Figure 3.NG2^+^ glia, but not pericytes, control blood vessels formation.(**A--C**) Double immunohistochemistry for the YFP and Isolectin (**A1--A2**) or PDGFRβ (**B1--B2, C1--C2**) on coronal cingulate cortex (CCi) and cingulate bundle (CI) sections of *Nkx2.1-cre^+^/Rosa-EYFP* (**A1, C1--C2**) and *Cspg4-cre^+^/Rosa-EYFP* (**A2, B1--B2**) mice (n=3) at E16.5 (**A1--A2**) and E18.5 (**B1--B2** and **C1--C2**). (**A--C**) From E16.5 to E18.5, numerous YFP^+^ NG2 glia are surrounding cortical blood vessels. (**B--C**) The Cre-mediated recombination, visualized by the YFP signal, can be observed in only very few pericytes surrounding blood vessels in *Cspg4-cre^+^/Rosa-EYFP* mice (**B2**, boxed region showing high magnification of region marked with white arrowhead), but not in *Nkx2.1-cre^+^/Rosa-EYFP* mice (**C2,** boxed region showing high magnification of region marked with arrow). (**D--F**) Double immunohistochemistry for NG2 and PDGFRβ on coronal CI sections in wild-type (**D1--D2**), *Nkx2.1-cre^+^/Rosa-DTA* (**E1--E2**) (n=3) and *Cspg4-cre^+^/Rosa-DTA* (**F1--F2**) (n=3) mice at E18.5. (**D--F**) The NG2^+^ glia form a complex cellular network around the cortico-cerebral blood vessels outlined by NG2 and PDGFRβ staining. The DTA under the control of *Nkx2.1* (**E**) and *Cspg* or *NG2* (**F**) promoters selectively depletes NG2^+^ glia but not pericytes. **D2, E2,** and **F2** are higher power views of the cingulate region in **D1, E1,** and **F1**, respectively (white arrowheads). (**G**) Bars (means ± SEM) represent the percentage of YFP-negative and YFP-positive PDGFRβ labeled pericytes in dorsal telencephalon sections of E18.5 *Cspg4-cre^+^/Rosa-EYFP* mice (n=10). The YFP signal in *Cspg4-cre^+^/Rosa-EYFP* mice was not detected in PDGFRβ^+^ embryonic pericytes of the dorsal telencephalon (95.05 ± 1.54% of pericytes are YFP-negative in the CI at E18.5, n=10). (**H**) Bars (means ± SEM; unpaired Student's *t-*test) represent the percentage of remaining PDGFRβ+ pericytes in cingulate bundle (Cl) sections of E18.5 *Cspg4-cre^+^/Rosa-DTA* mice (n=11) compared to control mice (n=11). No loss of PDGFRβ+ pericytes was observed in *Cspg4-cre^+^/Rosa-DTA* mice compared to *Cspg4-cre^-^/Rosa-DTA*. Bar = 100 μm in **B1, C1**; 50 μm in **A1, A2, D1, E1, F1**; 40 μmin **B2, C2, D2, E2, F2**.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.007](10.7554/eLife.09102.007)10.7554/eLife.09102.008Figure 3---figure supplement 1.Drastic depletion of GAD67-GFP^+^ neurons in *Nkx2.1^-/-^, Nkx2.1-cre^+^/Rosa-DTA* and *Nkx2.1-cre^+^/Eno2-DTA* cortices.(**A--D**) Double immunohistochemistry for the GFP and L1 on coronal CI sections in *Gad1-EGFP* (n=8) (**A1--A2**), *Nkx2.1-cre^+^/Rosa-DTA:Gad1-EGFP* (n=5) (**B1--B2**) and *Nkx2.1-cre^+^/Eno2-DTA:Gad1-EGFP* (n= 6) (**C1--C2**) mice at E18.5. **A2, B2,** and **C2** are higher power views showing the quantification of the GAD67-GFP^+^ interneurons (white spots) within the CI region pointed with a white arrowhead in **A1, B1,** and **C1**, respectively. (**D**) Bars (means ± SEM; unpaired Student's *t-*test) represent the percentage of remaining GAD67-GFP^+^ interneurons in the CI of E18.5 *Nkx2.1-cre^+^/Rosa-DTA:Gad1-EGFP* and *Nkx2.1-cre^+^/Eno2-DTA:Gad1-EGFP* mice compared to *Gad1-EGFP* mice. Both the mutant mice exhibited equivalent loss of neurons when compared to wild-type mice. (**E**) Table of the corresponding cell density values (cell number\*10^3^/mm^3^) (unpaired Student's *t-*test). Scale bar = 675 µm in **A1, B1,** and **C1**; 100 µm in **A2, B2,** and **C2**. CC, corpus callosum; CCi, cingulate cortex; Cl, cingulate bundle; SEP, septum.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.008](10.7554/eLife.09102.008)10.7554/eLife.09102.009Figure 3---figure supplement 2.GLAST^+^ astrocytes are not affected in *Nkx2.1-cre^+^/Rosa-DTA* cingulate cortex at E18.5.(**A--B**) Double immunohistochemistry for Olig2 and GLAST in cingulate cortex (CCi) coronal sections of *Nkx2.1-cre^-^/Rosa-DTA* mutant mice (n=4) (**A**) and *Nkx2.1-cre^+^/Rosa-DTA* control mice (n=4) (**B**) at E18.5. Scale bar = 50 µm in **A** and **B**. (**C**) Bars (means ± SEM; unpaired Student's *t-*test) represent the density number of remaining GLAST+ astroglia in the CCi of E18.5 *Nkx2.1-cre^+^/Rosa-DTA* mice compared to control mice. No significant loss of GLAST^+^ astroglia was observed in *Nkx2.1-cre^+^/Rosa-DTA* CCi compared to control mice.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.009](10.7554/eLife.09102.009)

As *Nkx2.1*-regulated precursors have been previously shown in embryos to produce transient oligodendrocyte precursor cells (OPCs) in addition to giving rise to GABAergic interneurons and astrocytes ([@bib58]; [@bib43], [@bib57]), we decided to make use of the *Nkx2.1-cre^+^/Rosa-EYFP* mice to look further at the subpallial origin, time of appearance and spatial arrangement of the embryonic NG2^+^ glia that ubiquitously occupied the dorsal telencephalon toward the end of embryonic development. Using our *Nkx2.1-cre^+^/Rosa-EYFP* mice, our findings confirmed that *Nkx2.1*-derived precursors produced YFP^+^/NG2^+^ glia that colonized the cingulate cortical area and the midline ([Figure 2F](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1F](#fig2s1){ref-type="fig"}) ([@bib43]). The YFP signal was detected in all embryonic NG2^+^ glia of the dorsal telencephalon from E16.5 to E18.5 (100% colocalization in the CC, and the CCi at E16.5 and E18.5; n=5) ([Figure 2F](#fig2){ref-type="fig"}). *Nkx2.1*-derived NG2^+^ glia expressed Olig2 (n=5) and S100β (n=4) ([Figure 2G--H](#fig2){ref-type="fig"}), and lacked GLAST (n=4) or GFAP (n=3) expression ([Figure 2I--J](#fig2){ref-type="fig"}). This further emphasized that subpallial domains are sites for early NG2^+^ glia genesis. Furthermore, we followed the presence of these YFP^+^ /NG2^+^ glia after birth. We observed that the YFP^+^/Olig2^+^/NG2^+^ glia originating from Nkx2.1 domains were transient in nature and disappeared abruptly from the cortex around P8 (n=3) ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). These results are coherent with previous studies, wherein the OPCs generated from the Nkx2.1-expressing precursors were shown to disappear around P10 ([@bib43]). Interestingly, we never detected any YFP signal in the ECs and the pericytes of the cerebral vasculature ([Figure 3A1 and 3C](#fig3){ref-type="fig"} ; n=5). Thus, based on the specificity of the Cre- reporter strains (both *Cspg4-cre* and *Nkx2.1-cre*) for NG2^+^ glia, these mice can be further utilized to determine the function of the embryonic NG2^+^ glia independent of ECs and pericytes.

These results altogether show that in embryos, NG2^+^ glia of the dorsal telencephalon are derived from Nkx2.1^+^ progenitors of the subpallium and transiently occupy the telencephalon. The disappearance of the *Nkx2.1*-derived NG2^+^ glia a few days after birth underlines their functional requirement for events occurring during embryonic and early postnatal period.

Spatial association between embryonic *Nkx2.1*-derived NG2^+^ glia and developing vessels {#s2-2}
-----------------------------------------------------------------------------------------

We further studied the precise localization of the embryonic NG2^+^ glial population to elucidate their functional relevance. At E14.5 (n=3), the first pioneer NG2^+^ glia were observed in the CCi cortical plate (CP) ([Figure 1](#fig1){ref-type="fig"}). As such, they occupied the CP at the same time as establishment of the blood vessel network and were seen to accompany it while growing and invading the dorsal telencephalon. The NG2^+^ glia were present from E14.5-to-E16.5 throughout the dorsal telencephalon during the early phase of angiogenesis when vessels begin to extend, sprout, and form new branches, as well as during the later phase from E16.5-to-E18.5 when branches fuse together or retract ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Interestingly, we observed that NG2^+^ glia formed a complex cellular network around the cerebral vessels outlined by NG2, PECAM, Isolectin, or PDGFR-β labeling ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). They were localized at sprouting tip cells or at branch fusion points, and also all along the vessel walls ([Figure 1](#fig1){ref-type="fig"}). Several long and slender processes of the NG2^+^ glia appeared to wrap or tether to the vascular walls, possibly reflective of a functional interaction ([Figure 1A3, 1B3, 1C3](#fig1){ref-type="fig"}; open arrowheads). The interactions between blood vessel network and NG2^+^ glia enhanced as embryonic age progressed (compare [Figure 1A](#fig1){ref-type="fig"} to [1D](#fig1){ref-type="fig"} and [3D](#fig3){ref-type="fig"}). A careful analysis using highly magnified three-dimensional (3D) confocal pictures combined with iso-surface representations revealed that NG2^+^ glia make multiple close contacts with different cortical blood vessels and created bridges between neighboring vessels ([Figure 1D3](#fig1){ref-type="fig"}). The bridges are composed of several NG2^+^ glia that make connections via their entangled processes, and connect the neighbor vessels ([Figure 1B--D](#fig1){ref-type="fig"}). The strategic position of NG2^+^ glia between the blood vessels created an elaborate mesh-like structure, and reflected the possibility that NG2^+^ glia participated toward the vasculature connectivity ([Figure 1B--D](#fig1){ref-type="fig"}).

Therefore, the location and timing of appearance of the transient NG2^+^ glia raise the possibility that they actively participate in the branching and refinement of the cerebral vasculature.

Brain angiogenesis defects after ablating *Nkx2.1*-derived post-mitotic cells {#s2-3}
-----------------------------------------------------------------------------

The concurrence of angiogenic development, NG2^+^ gliogenesis together with the elaborate connectivity between NG2^+^ glia and vessels made us wonder if the NG2^+^ glia were involved in regulating brain angiogenesis. To test this hypothesis, we used mice expressing a \'floxed\' diphtheria toxin gene that allows selective ablation of cells in the whole brain (*Rosa-DTA*) ([@bib12]). By crossing *Nkx2.1-cre*^+^ mice with *Rosa26-DTA* mice that expressed the diphtheria toxin under the control of the Nkx2.1 promoter, only Nkx2.1-expressing cells were selectively depleted ([@bib57]). *Nkx2.1-cre^+^/Rosa-DTA* mice allowed a selective ablation of *Nkx2.1*-derived post-mitotic cells without affecting Nkx2.1^+^ precursors because the diphtheria toxin expression under the control of Nkx2.1 promoter took several days ([@bib57]). As the *Nkx2.1*-regulated precursors are known to give rise to GABAergic interneurons ([@bib4]; [@bib19]; [@bib56]; [@bib89]; [@bib97]) and astrocytes ([@bib57]), we aimed to identify the contribution of GABAergic interneurons and astrocytes in our assays, as they can also get ablated in *Nkx2.1-cre^+^/Rosa-DTA* mice. To do so, we incorporated the reporter Gad1-EGFP (Gad1 corresponds to the Gad67 gene) into the *Nkx2.1-cre^+^/Rosa-DTA* mice to observe the GFP^+^ interneurons. In the dorsal telencephalon of *Nkx2.1-cre^+^/Rosa-DTA:Gad1-EGFP* (n=5), *Nkx2.1*-derived post-mitotic GABAergic neurons were depleted severely by \~50% at E18.5 ([Figure 3---figure supplement 1B and 1D](#fig3s1){ref-type="fig"}).

Next, we aimed to confirm that the GLAST^+^ astrocytes are not affected in *Nkx2.1-cre^+^/Rosa-DTA* mice brains at E18.5. In *Nkx2.1-cre^+^/Rosa-EYFP* and *Nkx2.1-cre^+^/Rosa-tdTomato* mice, recombination can only been seen in GLAST^+^ astrocytes of the ventral telencephalon, whereas no recombination can be seen in those that occupy the dorsal telencephalon ([Figure 2I](#fig2){ref-type="fig"} and not shown). Thus, we did not expect to see an ablation in GLAST^+^ astrocytes of the dorsal telencephalon with *Nkx2.1-cre^+^/Rosa-DTA* mice brains. Indeed, upon co-immunostaining with anti-GLAST, we found that there was no ablation of GLAST^+^ cell population in *Nkx2.1-cre^+^/Rosa-DTA* mice (n=4) when compared to control *Nkx2.1-cre^-^/Rosa-DTA* mice (n=4) in the cingulate cortex ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}).

Interestingly, staining for NG2 revealed a nearly complete loss of NG2^+^ glia in all medio-dorsal cortical areas in all rostrocaudal sections of *Nkx2.1-cre^+^/Rosa-DTA* mice brains compared to control mice brains at E16.5 (n=3) and E18.5 (n=6) ([Figure 4B](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). Thus, this result underlined the presence of only *Nkx2.*1-derived NG2^+^ glia in the cortical midline regions specifically. No evident morphological changes were seen in lateral cortical regions where *Nkx2.1*-derived NG2^+^ glia intermixed with other NG2^+^ glia having different identities and origins (not shown). Also, the ECs and pericytes were not ablated in *Nkx2.1-cre^+^/Rosa-DTA*, due to the lack of Cre-mediated recombination in these cells ([Figure 3C and 3E](#fig3){ref-type="fig"}; n=3). The lack of effective Cre-mediated recombination in ECs and pericytes provided us with a useful tool since the other cells that are involved in vessel network formation were not ablated. Thus, we could specifically assess the effects of a narrower population (i.e. NG2^+^ glia).10.7554/eLife.09102.010Figure 4.Drastic depletion of embryonic NG2^+^ glia in *Nkx2.1-cre+/Rosa-DTA* and *Cspg4-cre+/Rosa-DTA* midline dorsal telencephalon.DAB staining for NG2 in wild-type (**A1--A3**) (n=6), *Nkx2.1-Cre^+^/Rosa-DTA* (**B1--B3**) (n=3)*, Cspg4-cre^+^/Rosa-DTA* (**C1--C3**) (n=3), and *Nkx2.1-cre^+^/Eno2-DTA* (**D1--D3**) (n=3) telencephalic coronal slices at E18.5. NG2^+^ glia were completely depleted from the corpus callosum (CC), the cingulate cortex (CCi), and cingulate bundle (Cl) of *Nkx2.1-cre^+^/Rosa-DTA* (**B1--B3**) mutant mice compared to wild-type mice (**A1--A3**). In *Cspg4-cre^+^/Rosa-DTA* mutant mice (**C1--C3**), there was also a drastic loss of NG2^+^ cells in medial cortical areas of the dorsal telencephalon with only few remaining cells. In *Nkx2.1-cre^+^/Eno2-DTA* (**D1--D3**) mutant mice, there was no loss of NG2^+^ glia in all the observed regions. **A2--A3, B2--B3, C2--C3,** and **D2--D3** are higher power views of the Cl regions in **A1, B1, C1,** and **D1,** respectively (white arrowheads). Bar = 500 μm in **A1, B1, C1,** and **D1**; 250 μm in **A2, B2, C2,** and **D2**; 125 μm in **A3, B3, C3,** and **D3**.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.010](10.7554/eLife.09102.010)10.7554/eLife.09102.011Figure 4---figure supplement 1.Drastic depletion of embryonic NG2^+^ glia in *Nkx2.1-cre^+^/Rosa-DTA* midline dorsal telencephalon starts at E16.5.(**A--D**) Immunostaining for NG2 in *Nkx2.1-cre^-^/Rosa-DTA* (**A1--A2** to **C1--C2**) and *Nkx2.1-cre^+^/Rosa-DTA* (**D1**--**D2** to **F1**--**F2**) telencephalic coronal slices at E14.5 (**A1--A2, D1--D2**), E16.5 (**B1--B2, E1--E2**) and E18.5 (**C1--C2, F1--F2). A2, B2, C2, D2, E2,** and **D2** are higher power views of the region in **A1, B1, C1, D1, E1,** and **F1**, respectively (white arrowheads). At E14.5, there were no significant differences in NG2^+^ glia observed in the cingulate regionof *Nkx2.1-cre^+^/Rosa-DTA *mutant mice (n=3) compared to wild-type mice (n=3) (**A1--A2, D1--D2**). By contrast, later at E16.5, there was already a drastic loss of NG2^+^ glia populating the medio-dorsal telencephalon regionsin the *Nkx2.1-cre^+^/Rosa-DTA* (n=3) mutant mice compared to control mice (n=3) (**B1--B2, E1--E2**). This loss was maintained at E18.5 in the *Nkx2.1-cre^+^/Rosa-DTA* (n=3) mutant mice compared to control mice (n=3) (**C1--C2, F1--F2**). Scale bar = 675 µm in **A1, B1, C1, D1, E1,** and **F1**; 40 μmin **A2, B2, C2, D2, E2,** and **F2**.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.011](10.7554/eLife.09102.011)

Remarkably, we observed that vessels stained for vessel markers (NG2, PECAM or Isolectin) formed a poorly developed vascular network in multiple telencephalic regions, such as the septum and the cerebral cortices of *Nkx2.1-cre^+^/Rosa-DTA* mice (n=4 for PECAM at E14.5 and E16.5; n=3 for NG2; n=4 for PECAM; n=5 for isolectin at E18.5) compared to WT mice (n=4 for PECAM at E14.5 and E16.5, n=6 for NG2; n=8 for PECAM; n= 5 for isolectin at E18.5) as soon as E16.5 and becoming fully evident by E18.5 in all the rostrocaudal levels ([Figure 4B](#fig4){ref-type="fig"}, [Figure 5B](#fig5){ref-type="fig"}, [Figure 6B](#fig6){ref-type="fig"}, [Figure 5---figure supplement 1D](#fig5s1){ref-type="fig"} and [Figure 5---figure supplement 2B](#fig5s2){ref-type="fig"}). No defects were visualized prior to E16.5 ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). Cortical vessels of *Nkx2.1-cre^+^/Rosa-DTA* mice exhibited a drastic and significant reduction of intersections (nodes), connections and of the density of the vascular network (reduction of nodes: 14.1 ± 4.8% , p\<0.05; reduction of branches: 14.7 ± 4.9% , p\<0.05; reduction of the total volume of the vascular network: 17.78 ± 4.33% , p\<0.05; [Figure 5B,G](#fig5){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}; n=4; unpaired Student's *t*-test). Due to the defects observed in branching pattern and connectivity, the regular vascular pattern was not observed any more in mutants, and vessels formed only isolated units ([Figure 5B](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1D](#fig5s1){ref-type="fig"}). After co-staining for Isolectin and lymphocyte antigen LY-76 marker (Ter119) ([Figure 6](#fig6){ref-type="fig"}) and DAB staining allowing the visualization of erythrocytes ([Figure 5](#fig5){ref-type="fig"}), our analyses revealed that, in addition, cortical vessels lost their regular diameter and erythrocytes accumulated at the level of enlarged vessel segments ([Figure 5E and 5H](#fig5){ref-type="fig"}, [Figure 6B](#fig6){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}; n=5; unpaired Student's *t*-test). These results are strongly suggestive of brain vessel dysfunction in the mutant mice. Finally, observations made at high magnification after Isolectin and F4/80 staining in both mutant mice did not reveal any defect in tip cell induction and in macrophage recruitment, two processes required for vessels anastomosis ([@bib1]; [@bib27]) ([Figure 6B](#fig6){ref-type="fig"} and not shown). Quantifications revealed that the number of macrophages was not altered in the *Nkx2.1-cre^+^/Rosa-DTA* mice compared to control mice, excluding the direct involvement of macrophages in generating the observed defects (not shown).10.7554/eLife.09102.012Figure 5.Blood vessel branching is similarly impaired in *Nkx2.1Cre^+^/Rosa-DTA* and *Cspg4-cre^+^/Rosa-DTA* mice.(**A--C**) DAB staining for PECAM and reconstitution of the vascular network using the Neurolucida tracing tool in wild-type (**A1--A3**) (n=8), *Nkx2.1-cre^+^/Rosa-DTA* (**B1--B3**) (n=4) and *Cspg4-cre^+^/Rosa-DTA* (**C1--C3**) (n=4) cortical coronal sections at E18.5. **A2, B2,** and **C2** are higher magnified views of the boxed regions seen in **A1, B1,** and **C1,** respectively. (**D--F**) DAB staining for erythrocytes in wild-type (**D1--D2**) (n=10), *Nkx2.1-cre^+^/Rosa-DTA* (**E1--E2**) (n=5), and *Cspg4-cre^+^/Rosa-DTA* (**F1--F2**) (n=5) cortical coronal sections at E18.5. (**G**) Bars (means ± SEM) represent the percentages of vessel nodes, vessel branches and volume of the vascular network in mutants compared to wild-type (n=4; unpaired Student's *t*-test). The respective absolute values per CCi section are given in [Table 1](#tbl1){ref-type="table"}. All the quantified parameters were significantly decreased in mutant mice. (**H**) Bars (means ± SEM) represent the percentage of erythrocyte clusters and individual erythrocytes in mutants compared to wild-type. The respective absolute values per CCi section are given in [Table 2](#tbl2){ref-type="table"} (n=5; unpaired Student's *t*-test).The number of erythrocyte clusters showed a significant increase in all mutants. The total number of individual erythrocytes remained unchanged. Bar = **A1, B1, C1:** 250 μm; **D1, E1, F1:** 125 μm; **A2, A3, B2, B3, C2, C3:** 62.5 μm; **D2, E2, F2:** 50 μm. CCi, cingulate cortex.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.012](10.7554/eLife.09102.012)10.7554/eLife.09102.013Figure 5---figure supplement 1.Embryonic *Nkx2.1*-derived NG2 glia do not control cortical blood vessels outgrowth before E16.5.(**A--D**) DAB staining for PECAM in *Nkx2.1-cre^-^/Rosa-DTA* (n=4) (**A1-A2, C1--C2**) and *Nkx2.1-cre^+^/Rosa-DTA* (n=4) (**B1--B2, D1--D2**) telencephalic coronal slices at E14.5 (**A1--A2, B1--B2**) and E16.5 (**C1--C2, D1--D2**). At E14.5, there was no significant blood vessel network defect observed in the cingulate region of *Nkx2.1-cre^+^/Rosa-DTA* (**B1--B2**) mutant mice compared to wild-type mice (**A1--A2**). By contrast, later at E16.5, the blood vessel network is less developed in the *Nkx2.1-cre^+^/Rosa-DTA* (**D1--D2**) mutant mice (**D1--D2**) compared to control mice (**C1--C2**). Scale bar = 250 µm in **A1, B1, C1,** and **D1**; 125 µm in **A2, B2, C2,** and **D2**.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.013](10.7554/eLife.09102.013)10.7554/eLife.09102.014Figure 5---figure supplement 2.Blood vessel structure is impaired in the septum of *Nkx2.1-cre^+^/Rosa-DTA* and *Cspg4-cre^+^/Rosa-DTA* mice at E18.5.(**A--D**) DAB staining for PECAM in wild-type (n=12) (**A1--A2**), *Nkx2.1Cre^+^/Rosa-DTA* (n=4) (**B1--B2**), *Cspg4-cre^+^/Rosa-DTA* (n=4) (**C1--C2**) and *Nkx2.1-cre^+^/Eno2-DTA* (n=4) (**D1--D2**) telencephalic coronal slices at E18.5. The blood vessel network was significantly impaired in the septal region (SEP) of *Nkx2.1-cre^+^/Rosa-DTA* (**B1--B2**) and *Cspg4-cre^+^/Rosa-DTA* (**C1--C2**) mutant mice compared to wild-type mice (**A1--A2**). In *Nkx2.1-cre^+^/Eno2-DTA* (**D1--D2**) mutant mice, there was no significant blood vessel network defect observed in the septal region. Scale bar = 500 µm in **A1, B1, C1,** and **D1**; 125 µm in **A2, B2, C2,** and **D2**.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.014](10.7554/eLife.09102.014)10.7554/eLife.09102.015Figure 5---figure supplement 3.Embryonic *Nkx2.1*-derived GABAergic neurons do not control the development and function of cortical blood vessels.DAB staining for PECAM (**A1--A2, B1--B2**) and for erythrocytes (**C1--C2, D1--D2**) in coronal slices of the dorsal telencephalon of E18.5 wild-type (n=3) (**A1--A2, C1--C2**) and *Nkx2.1-cre^+^/Eno2-DTA* (n=3) (**B1--B2, D1--D2**) mutant mice. (**A2, B2, C2,** and **D2**) are higher magnified views of the cingulate bundle (CI) region pointed with a black arrowhead in (**A1, B1, C1,** and **D1**), respectively. PECAM and erythrocyte staining revealed that the loss of GABAergic neurons in *Nkx2.1-cre^+^/Eno2-DTA* mutant mice did not cause any vascular anomalies (**B2** and **D2**) compared to control mice (**A2** and **C2**). Scale bar = 500 µm in **A1, B1, C1,** and **D1**; 125 µm in **A2, B2, C2** ,and **D2**. CC, corpus callosum; CCi, cingulate cortex.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.015](10.7554/eLife.09102.015)10.7554/eLife.09102.016Figure 5---figure supplement 4.No significant blood vessel network defects are observed in *Cspg4-cre^+^/Rosa-DTA* postnatal brains.(**A--D**) DAB staining for PECAM in *Cspg4-cre^-^/Rosa-DTA* (n=3) (**A1--A2**) and *Cspg4-cre^+^/Rosa-DTA* (n=3) (**B1--B2**) telencephalic coronal slices at P17-P19 (**A1--A2, B1--B2**). At all postnatal ages, there was no significant blood vessel network defect observed in the cingulate region and corpus callosum of *Cspg4-cre^+^/Rosa-DTA* (**B1--B2**) mutant mice compared to control *Cspg4-cre^-^/Rosa-DTA* (**A1--A2**) mice. Scale bar = 500 μm in **A1--A2** and **B1--B2**.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.016](10.7554/eLife.09102.016)10.7554/eLife.09102.017Figure 6.Macrophages and tip cells are not affected in *Nkx2*-*1Cre^+^/Rosa-DTA* mice.(**A--B**) Double immunohistochemistry for Isolectin and Ter119, to visualize erythrocytes, on 250-μm-thick coronal of corpus callosum (CC) and cingulate bundle (CI) sections in wild-type (**A1--A4**) (n=5) and *Nkx2.1-cre^+^/Rosa-DTA* (**B1--B4**) ﻿(n=5) mice at E18.5. In the CC and the CI (**B1--B2**) of *Nkx2.1-cre^+^/Rosa-DTA* mice, the blood vessels have a twisted shape and the erythrocytes are clustered (white arrowheads in **B1** and **B2**) compared to the wild-type vessels that formed a regular network (white arrowheads in **A1** and **A2**). In the CC and the CI of both wild-type (**A3--A4**) and *Nkx2.1-cre^+^/Rosa-DTA* mice (**B3--B4**), guidepost macrophages labeled by the isolectin (white arrowheads in **A3--A4** and **B3--B4**) are found in the close vicinity of the tip cells (white arrows in **A3--A4** and **B3--B4**). The tip cells exhibit the same morphology and the same number of filopodia with similar length in both circumstances. Bar = 60 μm in **A1, B1**; 40 μm in **A2, B2, A3, A4, B3, B4**.**DOI:** [http://dx.doi.org/10.7554/eLife.09102.017](10.7554/eLife.09102.017)10.7554/eLife.09102.018Table 1.Nodes, branches and volume of the vascular network visualized per CCi section in control and transgenic mice used to ablate *Nkx2.1*-derived or only NG2^+^ cells. The values (mean ± SEM) corresponding to the number of nodes, the number of branches and the volume of the vascular network per CCi section are given for: (1) *Nkx2.1-cre^+^/Rosa-DTA* mice and their corresponding control *Nkx2.1-cre^-^/Rosa-DTA* mice, and (2) *Cspg4-cre^+^/Rosa-DTA* mice and their corresponding control *Cspg4-cre^-^/Rosa-DTA* mice (n=4 each; unpaired Student's *t*-test).**DOI:** [http://dx.doi.org/10.7554/eLife.09102.018](10.7554/eLife.09102.018)Values (mean ± SEM) for the vascular network per CCi sectionGenotypeNodes numberBranches numberVascular volume \* 10^3^ (µm³)*Nkx2.1-cre^-^/Rosa-DTA*103.44 ± 7.60241.77 ± 14.6520302.06 ± 1290.76*Nkx2.1-cre^+^/Rosa-DTA*84.63 ± 6.65207.75 ± 11.5616692.46 ± 879.03*Cspg4-cre^-^/Rosa-DTA*135.50 ± 8.60299.50 ± 16.8920361.28 ± 1429.69*Cspg4-cre^+^/Rosa-DTA*109.25 ± 6.20250.87 ± 1315921.88 ± 403.4410.7554/eLife.09102.019Table 2.Number of erythrocyte clusters and of individual erythrocytes visualized per CCi section in control and transgenic mice used to ablate *Nkx2.1*-derived or only NG2^+^ cells. The values (mean ± SEM) corresponding to the number of erythrocyte clusters and the number of individual erythrocytes per CCi are given for: (1) *Nkx2.1-cre^+^/Rosa-DTA* mice and their corresponding control *Nkx2.1-cre^-^/Rosa-DTA* mice, and (2) *Cspg4-cre^+^/Rosa-DTA* mice and their corresponding control *Cspg4-cre^-^/Rosa-DTA* mice (n=5 each; unpaired Student's *t*-test).**DOI:** [http://dx.doi.org/10.7554/eLife.09102.019](10.7554/eLife.09102.019)Values (mean ± SEM) per CCi sectionGenotypeNumber of erythrocyte clusters\
per CCi sectionNumber of individual erythrocytes\
per CCi section*Nkx2.1-cre^-^/Rosa-DTA*6.60 ± 0.88302.33 ± 19.12*Nkx2.1-cre^+^/RosaDTA*13.00 ± 2.62273.42 ± 41.44*Cspg4-cre^-^/Rosa-DTA*5.83 ± 0.62397.80 ± 18.96*Cspg4-cre^+^/Rosa-DTA*14.95 ± 1.77447.30 ± 22.91

Next, we tested whether the observed loss of cortical GABAergic interneurons might participate toward the observed vascular defects. In order to address this issue, we selectively ablated neuronal cells without affecting NG2^+^ glia, by using *Nkx2.1-cre^+^/Eno2-DTA:Gad1-EGFP* mice. In these mice, the diphtheria toxin (DTA) is expressed under the control of a neuron-specific promoter (enolase 2, Eno2) whose action is dictated by the Cre-mediated recombination (Nkx2.1-cre^+^). In *Nkx2.1-cre^+^/Eno2-DTA:Gad1-EGFP* mice, we noticed a significant depletion of GAD67-GFP^+^ GABAergic neurons in the medial cortex ([Figure 3---figure supplement 1C--E](#fig3s1){ref-type="fig"}; n=6; unpaired Student's *t*-test) closely equivalent to the loss seen in *Nkx2.1-cre^+^/Rosa-DTA:Gad1-EGFP* mice. In this mice strain, NG2^+^ glia were not affected and immunostaining analysis with vessel markers (NG2; n=3 and PECAM; n=4) and erythrocytes (n=3) did not reveal any developmental vessel defects that accompanied the substantial loss of GABAergic neurons in the *Nkx2.1-cre^+^/Eno2-DTA* cortex ([Figure 4D](#fig4){ref-type="fig"}, [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"} and [3](#fig5s3){ref-type="fig"}). Thus, these findings exclude the possibility that the poorly developed vascular network in *Nkx2.1-cre^+^/Rosa-DTA* mice could be a direct result of GABAergic interneuron loss.

Altogether, these results strongly suggest that the loss of *Nkx2.1*-derived cells, most probably NG2^+^ glia, was responsible for brain angiogenesis defects.

NG2^+^ glia control brain vessels development {#s2-4}
---------------------------------------------

To confirm that NG2^+^ glia play a role in the establishment of the vascular network, we used *Cspg4-cre^+^/Rosa-DTA* mice in which NG2^+^ glia were specifically depleted with a drastic loss of 55% (18.96 ± 0.98 x 10^3^/mm^3^ NG2^+^ glia in CCi sections of *Cspg4-cre^-^/Rosa-DTA* mice versus 8.52 ± 1.06 x 10^3^/mm^3^ NG2^+^ glia in CCi sections of *Cspg4-cre^+^/Rosa-DTA* mice; n=3, unpaired Student's *t*-test; p\<0.001) ([Figure 2---figure supplement 1B--D](#fig2s1){ref-type="fig"}, [Figure 3F](#fig3){ref-type="fig"}, [4C](#fig4){ref-type="fig"}). Consistent with the very low level of Cre-mediated recombination in the brain vessel pericytes of *Cspg4-cre^+^/Rosa-EYFP* mice, we did not notice any obvious loss of PDGFR-β^+^ pericytes in the *Cspg4-cre^+^/Rosa-DTA* cortex as well (compare [Figure 3F](#fig3){ref-type="fig"} and [Figure 3D](#fig3){ref-type="fig"}; n=3). The number of PDGFR-β^+^ pericytes observed in *Cspg4-cre^+^/Rosa-DTA* mice (n=11) was similar to those seen in *Cspg4-cre^-^/Rosa-DTA* mice (n=11) control cingulate bundle, as proved by the quantification analyses ([Figure 3H](#fig3){ref-type="fig"}). Thus, these results additional confirm that due to the lack of sufficient Cre-mediated recombination in the pericytes, the blood vessel network seen with *Cspg4-cre^+^/Rosa-DTA* mice brains can be majorly attributed to the NG2^+^ glia.

The vessel defects in the cerebral cortex and septum of *Cspg4-cre^+^/Rosa-DTA* mice were seen at all rostrocaudal levels and were similar to those that were aforementioned for *Nkx2.1-cre^+^/Rosa-DTA* mice ([Figure 5C](#fig5){ref-type="fig"} and [Figure 5---figure supplement 2C](#fig5s2){ref-type="fig"}; n=5). The vessels displayed a significant reduction in the number of nodes and branches and of the density of the vascular network (reduction of nodes 16.23 ± 4.33%, p\<0.05; reduction of branches 12.93 ± 2.37%, p\<0.05; reduction of the total volume of the vascular network: 21.8 ± 1.98%, p\<0.05; n=4, unpaired Student's *t*-test, [Figure 5C,G](#fig5){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). Moreover, the number of erythrocyte aggregates was significantly increased too ([Figure 5F,H](#fig5){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}; n=5, unpaired Student's *t*-test). These secondary defects may reflect brain vessel dysfunction as a result of disturbed brain vessel network development.

As in *Nkx2.1-cre^+^/Rosa-DTA* mice, the involvement of pericytes can be directly excluded as a causative factor of the observed vasculature defects in *Cspg4-cre^+^/Rosa-DTA* due to lack of recombination in this cell population ([Figure 3B and 3F](#fig3){ref-type="fig"}). The only population that is centrally affected in both transgenic mice strains, *Cspg4-cre^+^/Rosa-DTA* and *Nkx2.1-cre^+^/Rosa-DTA* mice, are NG2^+^ glia. Hence, the poor development of the vascular network and exactly similar vascular defects in both transgenic mice strains, *Cspg4-cre^+^/Rosa-DTA* and *Nkx2.1-cre^+^/Rosa-DTA* mice, is triggered by the absence of NG2^+^ glia. Thus, confirming the involvement of *Nkx2.1*-derived NG2^+^ glia in controlling brain angiogenesis.

We also noticed some axonal guidance defects in the telencephalic commissures of *Nkx2.1-cre^+^/Rosa-DTA* mice ([@bib57]). As these defects were not at all visible in *Cspg4-cre^+^/Rosa-DTA* mice, the involvement of NG2^+^ glia could be excluded.

Analyses of postnatal *Cspg4-cre^+^/Rosa-DTA* brains at P17-P21 (n=3), however, did not reveal any significant blood vessel network defects when compared to littermate *Cspg4-cre^-^/Rosa-DTA* brains (n=3) ([Figure 5---figure supplement 4](#fig5s4){ref-type="fig"}). Thus, it appears that the contribution of the NG2^+^ glia is important to keep up with the fast pace of embryonic brain development; however, their loss in postnatal brain is may be compensated by either later appearing waves of NG2^+^ glia like shown previously ([@bib43]) or through other cells.

Taken together, this study shows for the first time that NG2^+^ glia play a major role in embryonic brain angiogenesis. The temporal and spatial presence of these NG2^+^ glia is specifically articulated to aid proper vessel network formation during embryogenesis. The poor development of the blood vessel network in absence of NG2^+^ glia underlines the importance of understanding the point-to-point connectivity that is generated by the contact between vessels and polydendrocyte processes.

Conclusions {#s2-5}
-----------

Our results, altogether, reveal that brain angiogenesis in embryos requires the presence of *Nkx2.1*-derived NG2^+^ glia. The *Nkx2.1*-derived NG2^+^ glia begin to populate the entire telencephalon by E14.5 but are transient in nature and disappear by the early postnatal stages. The astrocytes and macrophages have already been reported to play divergent roles during angiogenesis ([@bib27]; [@bib48]; [@bib36]). This study, however, shows for the first time that *Nkx2.1*-derived NG2^+^ glia play a major role in brain angiogenesis. This unravels the important interplay between the ventral and the dorsal telencephalon in multiple physiological functions. We show here that the ventral telencephalon participates not only to the establishment of the cortical neuronal circuitry by generating tangentially migrating GABAergic interneurons, but also to embryonic angiogenesis. By revealing a novel and essential role for NG2^+^ glia originating from the ventral telencephalon in cortical angiogenesis, our study brings new perspectives to pathophysiological consequences linked to tangential migration defects.

Discussion {#s3}
==========

NG2^+^ glia participate to proper embryonic angiogenesis {#s3-1}
--------------------------------------------------------

The generation of brain's vascular network starts very early during embryogenesis, and it occurs concomitantly with the development of neuronal network in the brain ([@bib72]; [@bib93]). Efficient growth of the vasculature is essential to meet the metabolic needs of the developing brain. However, the mechanisms regulating vessel network's establishment are not yet fully understood. Several studies, so far, have shown that angiogenesis involves participation of ECs along with perivascular cells, referred to as pericytes, and macrophages ([@bib27]; [@bib61]; [@bib67]; [@bib68]; [@bib77]; [@bib8]). This angiogenic process is completed by a complex repertoire of spatially and temporally orchestrated events that engage several transcription factors, growth factors with their receptors, adhesion molecules, proteases, chemokines, cytokines, and extracellular matrix ([@bib1]; [@bib15]; [@bib55]; [@bib49]; [@bib25]).

In our model to study embryonic angiogenesis, we have used cell-specific ablation strategy with the help of Cre reporter strains, namely *Nkx2.1-cre* and *Cspg4-cre *mice, together with \'floxed\' diphtheria toxin (Rosa-DTA) to selectively kill cells under Nkx2.1 or NG2 promoter, respectively. With *Nkx2.1-cre^+^/Rosa-DTA* mice, we observed the formation of a poorly developed vessel network in several telencephalic regions. A significant reduction of intersections, connectivity and vasculature density was observed. The cortical vessels were seen to loose their regular diameter and harbored erythrocyte accumulations at the level of enlarged vessel segments. Since, the *Nkx2.1*-derived cells comprise of GABAergic interneurons ([@bib56]; [@bib97]; [@bib89]; [@bib24]; [@bib98]) and NG2^+^ glia, we investigated the two populations separately to dissect the responsible cell type. With *Nkx2.1-cre^+^/Rosa-DTA* mice, a drastic decrease of 50% GABAergic interneurons and complete loss of NG2^+^ glia was seen at midline regions. Complete loss of NG2^+^ glia with *Nkx2.1-cre^+^/Rosa-DTA* mice displayed the subpallial origin of the polydendrocyte population at the midline specifically.

Further on, to look into the role of GABAergic interneurons in the observed vessel network phenotype, we made use of *Nkx2.1-cre^+^/Eno2-DTA:Gad1-EGFP* mice. These mice did not show any loss of NG2^+^ glia nor any vessel network formation defects, although the loss of GABAergic neurons was comparable to that seen with *Nkx2.1-cre^+^/Rosa-DTA* mice. Thus, we could exclude the GABAergic interneurons from being the cause of the observed phenotype.

We could also exclude the role of astrocytes because *Nkx2.1-cre^+^*mice recombination can only been seen in GLAST^+^ astrocytes of the ventral telencephalon, and dorsal telencephalon astrocytes remain unaffected in *Nkx2.1-cre^+^/Rosa-DTA* mice.

Next, we aimed to target the NG2^+^ population. To this purpose, we additionally used *Cspg4-cre^+^/Rosa-DTA* mice where NG2^+^ glia were depleted by more than 50%. Interestingly, we visualized similar vessel network defects as *Nkx2.1-cre^+^/Rosa-DTA* mice. Notably, NG2 chondroitin sulfate proteoglycan is expressed not only in glia but also on surface of pericytes in the brain ([@bib62]; [@bib69]). The loss of pericytes can also lead to aberrations in fetal brain vasculature and maintenance of blood--brain barrier leading to vascular instability ([@bib84]; [@bib5]; [@bib21]). Since the role of both perivascular cells has been well established in angiogenesis, we investigated if our *Nkx2.1-cre^+^/Rosa-DTA* and *Cspg4-cre^+^/Rosa-DTA* mice lack pericytes or ECs. The *Nkx2.1-cre^+^/Rosa-DTA* mice directly excluded the involvement of pericytes and ECs due to the absence of Cre expression in both cell types. As a result, we can exclude that the defects can be due to the intrinsic action of Nkx2.1 in ECs as observed in Nkx2.1 KO mice ([@bib93]; [@bib94]). Also, the *Cspg4-cre^+^/Rosa-DTA* mice did not show any loss of pericytes due to very low levels for Cre recombination in these cells. Therefore, our cell-specific ablation analysis directly points toward involvement of NG2^+^ glia, the only common affected cell population, in embryonic brain angiogenesis. The origin of these NG2^+^ glia coincides not only temporally with the brain vessel network formation but also spatially due to their close proximity to the developing vessel network.

Another identified key player in brain vessel network are macrophages that have been implicated in both physiological and pathological angiogenesis ([@bib61]; [@bib67]; [@bib77]). The macrophages colonize the embryonic brain even before vascularization is built ([@bib27]) and have been observed to localize at vessels junctions and to interact with the endothelial tip cells, by forming sort of bridges in order to align them and to prepare them for the fusion ([@bib27]). Similar to macrophages, the NG2^+^ glia were localized at sprouting tip cells or at branch fusion points, but, in addition, were also present all along the vessel walls. They made several contacts with mural cells with their extended processes. Although our selective cell ablation strategy did not affect the macrophage population, it is probable that the two populations may influence the vessel network through a concerted action.

Potential molecular mechanisms used by NG2^+^ glia to control brain angiogenesis {#s3-2}
--------------------------------------------------------------------------------

The strategic positioning of NG2^+^ glia raises the possibility that they interact functionally by making synapses and generating action potentials ([@bib22]; [@bib18]) or by sending signals to mural cells. Their positioning along and around the developing networks might provide them with the proximity required to monitor the firing patterns of surrounding cells ([@bib22]; [@bib18]).

Additionally, the NG2^+^ glia may act as guidepost cells by secreting growing factors or guidance molecules required for the proper development and function of brain vessels. During development, the formation of the vessel network is dependent on several growth factors like vascular endothelial growth factor A (VEGF-A), VEGF-B, VEGF-C, VEGF-D, and placental growth factor (PlGF) that bind to different tyrosine kinase receptors (VEGFR) expressed on ECs ([@bib1]; [@bib20]; [@bib27]; [@bib28]; [@bib31]; [@bib33]; [@bib47]; [@bib50]; [@bib59]; [@bib70]; [@bib75]; [@bib79]; [@bib82]). In addition to these growth factors, other signaling pathways also aid in the development of the vascular circuitry like angiopoietin1/Tie2; Notch/Delta-like-4/JAG1; Wnt signaling and guidance cues with their associated receptors such as ephrin-B2 and EphB4, Slit and Robo4, Netrins and Unc5/Dcc, class 3 semaphorins and Neuropilins/Plexins ([@bib1]; [@bib2]; [@bib7]; [@bib11]; [@bib25]; [@bib30]; [@bib32]; [@bib34]; [@bib37]; [@bib44]; [@bib46]; [@bib48]; [@bib51]; [@bib54]; [@bib55]; [@bib60]; [@bib71]; [@bib80]; [@bib86];[@bib92]; [@bib96]).

Recently, an elegant study performed in postnatal mice showed that the OPCs-intrinsic Hypoxia-inducible factors 1/2 (HIF1/2) signaling stimulates EC proliferation in vitro and increases CC white matter angiogenesis in vivo ([@bib99]). Conversely, OPCs-encoded HIF1/2a inactivation causes insufficient CC angiogenesis and commissural axon's degeneration. This study leads us to question if the NG2^+^ embryonic glia we have identified also regulate vessels outgrowth through HIF1a and/or HIF2a action. Notably, the population addressed by [@bib99] primarily focuses on the effects in postnatal brains, whereas the NG2^+^ glia identified by us disappear by P8. Nonetheless, it will be interesting to perform in vivo brain analyses of angiogenesis in mouse embryos from *Cspg4-cre* mice crossed with *HIF1a floxed, HIF2a floxed* or *HIF1/2a floxed* mice, allowing selective gene inactivation of HIFs in NG2^+^ glia only.

Several studies have shown that growth factors can regulate the NG2^+^ glial cell proliferation and migration -- of which some belong to PI3K/mTOR and Wnt/β-catenin signaling pathways ([@bib38]; [@bib29]). In particular, Wnt/β-catenin signaling pathway has been suggested to be the important player required for molecular and cellular steps necessary for proper brain vascularization. The broad expression of Wnt7a/7b ligands in the developing early embryonic CNS and induction of Wnt/ β-catenin signaling is required for formation and differentiation of the embryonic brain vasculature ([@bib85]). Additionally, the Wnt/ β-catenin signaling is also important for the blood--brain barrier, a structure formed by the brain blood vessels. The effects of the absence of Wnt7a/7b ligands are evident already in early embryonic ages, that is E12.5, and are crucial for ventral CNS vasculature. Notably, the NG2^+^glia are not present in the dorsal telencephalon as early as E12.5. Hence, a more closer dissection of these and other Wnts would be required to ascertain if the NG2^+^glia are mediating their roles in vascularization through Wnts at later stages, that is, when we observed the defects (E16.5--E18.5).

Since the repertoire of factors expressed by NG2^+^ glia has not been explored much yet, a complete dissection of the different angiogenic factors will be required for a better understanding. It would be also necessary to analyze the coordinated and oriented cell movements that are necessary for the development of the vascular network especially during sprouting and subsequent maturation phases. The complete understanding of molecular mechanisms undertaken by NG2^+^ glia to guide and aid angiogenesis will provide significant insight into angiogenesis.

Spatial organization of NG2^+^ glia {#s3-3}
-----------------------------------

This study highlights the importance of spatially and temporally synchronized generation of NG2^+^ glia that act as guidepost cells for embryonic vasculature establishment. The migratory profile of the NG2^+^ glia has been explored in several contexts before, but there is no such available information if they directly use the vasculature. Like the other major population of *Nkx2.1*-derived GABAergic interneurons ([@bib56]; [@bib35]; [@bib26]; [@bib17]), we believe that the NG2^+^ glia also use tangential migration to colonize the cortex. Clues for this are evident from our immunostaining of the NG2^+^ glia at embryonic and early postnatal stages in the control brains. Previous reports have discussed the migration of sub-populations of the NG2^+^ cells during embryonic and early postnatal development ([@bib88]; [@bib16]; [@bib3]). Additionally, in adult tissues, the migration of NG2^+^ cells has also been observed where these cells migrate in relation to each other ([@bib41]).

Also, some cell--cell interactions between axonal tracts and OPCs has been believed to be important for migration, and molecules such as N-cadherins, neuregulins, ephrins, and integrins have been implicated ([@bib23]). A recent study showed that the proteoglycan NG2 itself could play a role in the directed localization of NG2^+^ cells ([@bib9]). Fittingly, the NG2^+^ cells exhibit maximal migration upon encountering a region deficient of other NG2^+^ cells ([@bib16]) or when the region has been induced to lack NG2^+^ cells either through experimental intervention or as a result of injury ([@bib10]).

NG2^+^ glia and possible involvement in pathophysiological mechanisms {#s3-4}
---------------------------------------------------------------------

Our work depicting the elucidation of the role of NG2^+^ glia in early phases of brain vessel network provides new insights into the mechanisms that take place during embryonic brain angiogenesis. The requirement of a properly developed vessel network is immense during embryonic ages to meet the growing nutritional needs of the embryo. Several human neuropathologies related to neonatal encephalopathy are induced by incidents involving hypoxia to the brain (e.g. in cerebral palsy). We suspect that one possible reason for cerebral palsy could be the presence of dysfunctional NG2^+^ glia, which then leads to decrease in vascularization followed by neuronal injury generating the pathological condition.

OPCs have been shown to be involved in glioblastoma genesis and evolution ([@bib6]; [@bib53]; [@bib74]; [@bib87]; [@bib90]). Therefore, our research may help in the understanding of the pathological cellular and vessel processes that take place during brain tumor evolution. Strategies based on NG2^+^ cell targeting may significantly improve long-term outcome of patients with glioblastoma (GBM). It will be interesting to further characterize the role of NG2^+^ glia in GBMs tumour angiogenesis and to investigate whether NG2^+^ glia-encoded HIFs are involved in tumour-associated NG2^+^ glial differentiation and angiogenesis.

Altogether, the combined role play of ECs, pericytes, macrophages, and glia and the molecular mechanisms defining their respective mode of actions can aid in better understanding of the blood vessel network formation, and help alleviate many disease pathologies.

Materials and methods {#s4}
=====================

Animals {#s4-1}
-------

All studies on mice of either sex have been performed in compliance with the national and international guidelines and with the approval of the Federation of Swiss cantonal Veterinary Officers (2164). For staging of embryos, midday of the day of vaginal plug formation was considered as embryonic day 0.5 (E0.5). WT mice maintained on a *C57Bl/6* genetic background were used for developmental analysis. We used heterozygous *Gad1-EGFP* knock-in mice, described in this work as *Gad1-EGFP* mice ([@bib91]). We used *Nkx2.1-cre* ([@bib97]) and *Cspg4-cre* (Jackson Laboratory: *B6;FVB-Tg(Cspg4-cre)1Akik/J*) ([@bib100]) transgenic mice that have been described previously. The reporter mouse *Rosa26R--Yellow fluorescent protein (YFP*) ([@bib83]) was used to reliably express YFP under the control of the Rosa26 promoter upon Cre-mediated recombination. Embryos were recognized by their YFP fluorescence. The reporter *Rosa26:lacZ/DTA (Rosa-DTA*) mouse line ([@bib12]) was used to express conditionally the cytototoxic diphtheria toxin polypeptide toxic fragment A (DTA) allele under the control of ubiquitously active Rosa26 promoter. By crossing *Nkx2.1-cre* mice with *Rosa26-DTA* mice that express the diphtheria toxin under the control of the Nkx2.1 promoter, only Nkx2.1-expressing post-mitotic cells were depleted in the whole brain without affecting the Nkx2.1^+^ precursors in the progenitor zones. The neuron-specific enolase (*Eno2*)-stop-DTA (*Eno2-DTA*) mice ([@bib45]) were used to induce the expression of highly potent diphtheria toxin fragment A (DTA) from neuron-specific enolase locus, and resulted in specific ablation of neurons only.

Immunohistochemistry {#s4-2}
--------------------

Embryos were collected after caesarean section and quickly killed by decapitation. Their brains were dissected out and fixed by immersion overnight in 4% paraformaldehyde solution in 0.1 M phosphate buffer (pH 7.4) at 4°C. Postnatal mice were profoundly anesthetized and perfused with the same fixative, and their brains post-fixed for 4 hr. Brains were cryoprotected in a solution of 30% sucrose in 0.1 M phosphate buffer (pH 7.4), frozen and cut in 50-µm-thick coronal sections for immunostaining.

Rat monoclonal antibodies used were: Lymphocyte antigen76 (Ter119) (Lifespan Bioscience, Switzerland); PDGFRα (BD Bioscience, Switzerland); PECAM (CD31) (BD Pharmingen,Switzerland). Rabbit polyclonal antibodies used were: GFAP (DAKO, Carpinteria, CA); GFP (Molecular Probes, Zug, Switzerland); NG2 (Chemicon, Temecula, CA); Nkx2.1 (Biopat, Caserta, Italy); Olig2 (Millipore, Switzerland); S100β (Swant, Bellinzona, Switzerland). Goat polyclonal antibodies used were: PDGFRβ (R&D Systems, Switzerland). Guinea pig antibody was: GLAST (Chemicon, Temecula, CA). Chicken antibody was: GFP (Aves, UK). Biotin-conjugated antibodies were: Isolectin Ig-IB4 (Molecular probes, Zug, Switzerland).

Fluorescence immunostaining: Non-specific bindings were blocked during pre-incubation and incubations after adding 2% normal horse serum in PBS 1X solution supplemented with 0.3% Triton X-100. The primary antibodies were detected with Cy3-conjugated (Jackson ImmunoResearch laboratories, West Grove, PA) and Alexa 488-, Alexa 594- or Alexa 647-conjugated antibodies or streptavidin (Molecular Probes, Eugene, OR). Sections were counterstained with Hoechst 33,258 (Molecular Probes, Switzerland), mounted on glassslides and covered in Mowiol 4--88 mounting medium (Calbiochem, Bad Soden, Germany).

DAB immunostaining: Endogenous peroxidase reaction was quenched with 0.5% hydrogen peroxide in methanol, and unspecific binding was blocked by adding 2% normal horse serum during incubations in the Tris-buffered solutions containing 0.3% Triton X-100. The primary antibodies were detected with biotinylated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) and the Vector-Elite ABC kit (Vector Laboratories, Burlingame, CA). The slices were mounted on glassslides, dried, dehydrated, and covered with Eukitt mounting medium.

DAB immunostaining was adapted for erythrocytes staining: Endogenous peroxidase reaction was directly used to visualize the erythrocytes. Therefore, no hydrogen peroxide was added. Sections were pre-incubated for 10 min in 0.05% DAB diluted in 0.1 M Tris buffer. The reaction was started with the same solution supplemented with 0.5% H~2~O~2~ and stopped with 0.1 M Tris buffer after 10 min. The slices were mounted as per standard protocol.

Imaging {#s4-3}
-------

DAB-stained sections were imaged with a Zeiss Axioplan2 microscope equipped with 10×, 20×, 40×, or 100× Plan neofluar objectives and coupled to a CCD camera (Axiocam MRc 1388x1040 pixels). Fluorescent-immunostained sections were imaged using confocal microscopes (Leica SP5 or Zeiss LSM 710 Quasar) equipped with 10×, 20×, 40× oil Plan neofluar and 63× oil Plan apochromat objectives. Fluorophore excitation and scanning were done with an Argon laser 458, 488, 514 nm (blue excitation for GFP and Alexa 488), with a HeNe laser 543 nm (green excitation for Alexa 594, CY3 and DiI), with a HeNe laser 633 nm (excitation for Alexa 647 and CY5), and with a Diode laser 405 nm (for Hoechst-stained sections). Z-stacks of 10--25 planes were acquired for each coronal section in a multitrack mode avoiding crosstalk, and the creation of isosurfaces was done with Imaris 7.2.1 software (Bitplane Inc.). All 3D Z-stack reconstructions and image processing's were performed with Imaris 7.2.1 software. The generation of iso-surfaces (object defining a surface surrounding voxels located between two threshold values) allowed us to visualize the contours of cells, of blood vessels and of growth cones. The colocalization between two fluorochromes was calculated and visualized by creating a yellow channel. Figures were processed in Adobe Photoshop CS5.

Quantifications {#s4-4}
---------------

*Loss of GABAergic neurons*: In 50-μm-thick coronal sections of *Nkx2.1-cre*^+^*/Rosa-DTA:GAD67-GFP, Nkx2.1-cre^-^/Rosa-DTA:GAD67-GFP, Nkx2.1-cre*^+^*/Eno2-DTA:Gad1-EGFP* and *Nkx2.1-cre^-^/Eno2-DTA:Gad1-EGFP* embryos, GABAergic neurons of the cortical region (CCi and CI) were counted at E18.5 as the number of cells labeled for the GFP. Quantification were done on a sample of n=8 sections in *Nkx2.1-cre*^+^*/Rosa-DTA:Gad1-EGFP* and corresponding controls and on a sample of n=6 sections in *Nkx2.1-cre*^+^*/Eno2-DTA:Gad1-EGFP* and corresponding controls. To study the density of GABAergic neurons, the values were quantified in all the scanned planes of each stack and were reported per volume unit (number of cells/mm^3^). The quantifications were done using the Imaris 7.2.1 software.

*Preservation of GLAST^+^ glia in the cingulate cortex*: In 50-μm-thick brain sections, the GLAST^+^ glia in the CCi labeled for GLAST were counted from a sample of n=4 sections of E18.5 *Nkx2.1-cre^-^/Rosa-DTA* and of *Nkx2.1-cre^+^/Rosa-DTA* embryos.

To study the density of GABAergic neurons and GLAST^+^ glia, the values were quantified in all the scanned planes of each stack and were reported per volume unit (number of cells/mm^3^). The quantifications were done using the Imaris 7.3.1 software.

*Cspg4-cre recombination level analysis and percentage of NG2, Olig2, S100β, GFAP and GLAST markers expression by YFP-labeled NG2*^+^ *glia in Cspg4-cre*^+^*/Rosa-EYFP mice*: In 50-μm-thick brain sections of *Cspg4-cre*^+^/*Rosa-EYFP* embryos at E18.5, glia of the CC (midline), CI and CCi labeled for YFP and NG2 were counted (n=3). For each condition, at least 3 different Z-stacks were obtained at 63× magnification by using a Leica SP5 microscope. To study the density of NG2^+^ glia, the values were quantified in all the scanned planes of each stack and were reported per volume unit (number of cells/mm^3^).

*Cspg4-cre recombination level analysis and percentage of PDGFRβ pericyte markers expression by YFP-labeled NG2*^+^ *cells in Cspg4-cre*^+^*/Rosa-EYFP mice*: In 50-μm-thick brain sections of *Cspg4-cre*^+^/*Rosa-EYFP* embryos at E18.5 (n=10), YFP+ pericytes and YFP+ pericytes of the dorsal telencephalic regions labeled for NG2 were counted.

The percentage of Cre-mediated recombination within the NG2^+^ cells was calculated as follows: YFP^+^ cells/NG2^+^ cells X100. The percentage of YFP^+^/PDGFRβ^+^, YFP^+^/NG2^+^, Olig2^+^/NG2^+^, YFP^+^/S100β^+^, YFP^+^/GFAP^+^ and YFP^+^/GLAST^+^ glia within YFP^+^ cells was calculated. The quantification was done using Imaris 7.2.1 software.

*Percentage of NG2 marker expression by YFP-labeled cells in Nkx2.1-cre*^+^*/Rosa-EYFP mice*: In 50-μm-thick brain sections of *Nkx2.1-cre*^+^/*Rosa-EYFP* embryos at E18.5, YFP^+^ cells of the CI labeled for the NG2 were counted (n=3). For each condition, at least 3 different Z-stacks were obtained at 63x magnification by using a Leica SP5 microscope. To study the density of YFP^+^/NG2^+^ glia, the values were quantified in all the scanned planes of each stack and were reported per volume unit (number of cells/mm^3^). The percentage of YFP^+^/NG2^+^ glia within YFP^+^ cells was calculated. The quantification was done using Imaris 7.2.1 software.

*Loss of NG2^+^ glia and PDGFRβ^+^ pericytes*:In 50-μm-thick brain sections, the NG2^+^ glia in the CI labeled for NG2 were counted from a sample of n=11 sections of E18.5 *Cspg4-cre^-^/Rosa-DTA* and of *Cspg4-cre^+^/Rosa-DTA* embryos. Similarly, the pericytes in the dorsal telencephalon labeled for PDGFRβ were counted from a sample of n=11 sections of *Cspg4-cre^-^/Rosa-DTA* and of *Cspg4-cre^+^/Rosa-DTA* mice. To study the density of NG2^+^ glia, PDGFRβ^+^ pericytes in each condition, the values were quantified in all the scanned planes of each stack and were reported per volume unit (number of cells/mm^3^). The quantification was done using Imaris 7.2.1 software.

*Blood vessels morphology and erythrocytes distribution analysis*:In 50-μm-thick brain sections of *Nkx2.1-cre^+^/Rosa-DTA, Nkx2.1-cre^-^/Rosa-DTA, Cspg4-cre^+^/Rosa-DTA* and *Cspg4-cre^-^/Rosa-DTA* embryos at E18.5, the vessels network morphology and erythrocytes were analyzed from a sample of more that n=10 sections for each condition.

DAB staining for PECAM was used to label blood vessels. The blood vessels morphology was analyzed in a predetermined region comprising of the CC, CI, and CCi (surface area/section=6\*10^6^μm^2^). The 3D blood vessels morphology was reconstructed using Neurolucida 9.0 software (MicroBrightField, Williston, VT). The axonal tracing tool allows to trace and to calculate for each vessels network the number of individual trees, the number of nodes, the number of branches, the length, the surface, and the volume of the blood vessels network for each condition.

DAB-stained erythrocytes were counted in a predetermined region comprising of the CC, CI, and CCi (surface area/section=20\*10^6^μm^2^). The erythrocytes were counted as a cluster when more than five consecutive erythrocytes were closely apposed to each other, while the well separated individual erythrocytes were counted as individual cells. The quantification was done using Neurolucida 9.0 software.

Statistical analysis {#s4-5}
--------------------

The results from all quantifications were analyzed with the aid of Statview software (SAS Institute). For all analysis, values from at least three independent experiments were first tested for normality. Values that followed a normal distribution were compared using Student\'s *t*-test (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001).

Atlas and nomenclature {#s4-6}
----------------------

The neuroanatomical nomenclature is based on the \'Atlas of the prenatal mouse brain\' ([@bib81]).
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Thank you for submitting your work entitled \"NG2 glial cells are required for vessel network formation during embryonic development\" for peer review at *eLife*. Your submission has been favorably evaluated by K VijayRaghavan (Senior editor), Joseph G. Gleeson (Reviewing editor), and two reviewers, one of whom,

Akiko Nishiyama, has agreed to reveal her identity.

The reviewers have discussed the reviews with one another and the Reviewing editor has drafted this decision to help you prepare a revised submission.

Overall, the manuscript was favorably reviewed. However, a number of points were raised that need to be addressed (by reformatting and in the Discussion) before final acceptance can be offered.

The Reviewing editor and the other reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

Summary:

In this manuscript, Minocha et al. have investigated a role for NG2 glial cells in orchestration of embryonic forebrain vasculature. The authors demonstrate that NG2^+^ glia are closely associated with developing vascular network in E12.5-E18.5 dorsal telencephalon, using immunohistochemistry and reporter expression from *Nkx2.1-cre:ROSA-YFP* and *NG2-cre:ROSA-YFP* transgenic mice. In this manuscript this part of the data is strongly supported by high-quality confocal and DAB images. The data shows intriguing associations between migrating NG2 cells and the developing vasculature, and that death of ventral NXK2.1 progenitor cells, which include migrating ventral NG2 cells with their destination in cortex, results in clear abnormalities of cortical vasculature. This is done using *Nkx2.1-cre:ROSA-floxed-DTA* and *NG2-cre:ROSA-floxed-DTA* mice. They show that the number of nodes and branches and the density of the vascular network are all decreased in these mice that lack polydendrocytes. From these findings, they conclude that polydendrocytes are critical for angiogenesis in the dorsal telencephalon. The major strength is showing that NG2 cells (or oligodendrocyte precursors (OPCs)) have a role in embryonic cortical vasculature, but as a similar role has been described for OPCs of early postnatal cortex (Yuen et al., 2014),

Much has been learned in the past decade about the development and fate of polydendrocytes but their developmental and physiological role besides oligodendrocyte production has remained unclear. In this regard, this article asks an important question of whether polydendrocytes play a part in angiogenesis, and this hypothesis is very reasonable based on their observations. The data are clearly presented and are supported by high quality images and some quantification. The authors have convincingly shown that the vascular defects in *Nkx2.1-cre:Rosa-DTA* mice are not caused by loss of interneurons. The first part of the study is very strong. However, there are some questions that should be addressed regarding the cell ablation experiment. Furthermore, there are some confusing aspects of terminologies used, and more importantly, some data is redundant with prior published studies, which needs to be better cited and considered within the novelty of these findings.

Essential revisions:

1\) The reviewers were not able to unequivocally conclude that the observed vascular defects are indeed caused by the loss of polydendrocytes. The authors make a convincing case that Cre-mediated recombination does not occur in vascular cells in *NG2-cre:ROSA-YFP* mice. However, other studies have shown Cre activation in embryonic vascular cells in NG2cre mice. Zhu et al., 2008 showed that in NG2-cre:zeg double transgenic mice there is significant reporter expression in vascular cells at E18. Huang et al., GLIA 2014 showed that in *NG2creER:Rosa-tdTomato* mice, which is more sensitive to Cre than ROSA-YFP mice, vascular cells become Tomato+ after Cre induction in the embryo. The lack of YFP detection in pericytes in this study may be due inefficient Cre recombination for activating YFP expression. However, the low level of recombination may still cause sufficient DTA expression to kill pericytes. To rule this out, the authors should perform pericyte staining, e.g. Pdgfrb, in the *NG2-cre:Rosa-DTA* mice to see whether the number and morphology of pericytes are altered after polydendrocytes ablation. The phenotype of *Nkx2.1-cre:Rosa-DTA* still supports the notion that NG2 cells are needed for vascular development. To be complete, the authors should show GLAST staining in these (*Nkx2.1-cre:Rosa-DTA*) mice to rule out the possibility that loss of astrocytes is not contributing to the vascular phenotype. If there is loss of pericytes in *NG2-cre:Rosa-DTA* mice and if there is astrocyte loss in the relevant regions (e.g. corticoseptal boundary as their Minocha et al. 2015 paper suggests), then enthusiasm for the findings will be significantly diminished.

2\) No mechanistic detail is provided for how NG2 cells carry out their putative vascular regulatory role. It is unclear whether the authors propose that NG2 cells secrete angiogenic factors and how these balance against known roles for neuroepithelial precursors in embryonic brain (e.g., Stenman et al., 2008,)? For example, it should be straightforward to assess VEGF or Wnt expression at the appropriate stages of NG2 cell development and then target a loss of function study to show the precise mechanisms involved. Do NG2 cells have direct or indirect effects on vasculature? No angiogenic assays are performed.

3\) The authors show only one time point for their vascular measurements. Is E18.5 the earliest time point at which they see a difference in the vasculature? Was there a decrease in polydendrocyte numbers prior to that? Do the vascular defects eventually correct themselves after prolonged absence of NG2^+^ glia? A finer parallel time course analysis of the loss of polydendrocytes and the changes in the vasculature should be performed to confirm that the latter follow the former and are not due to non-polydendrocyte-mediated effects of the ablation.

4\) The introduction of NG2 cells as \"polydendrocytes\" is confusing for the general reader. Are the authors referring to OPCs or some other type of NG2 glia? What distinguishes a polydendrocyte from an OPC since both do not only make oligodendrocytes? Until the Results section, the description of NG2-labeled cells fails to mention pericytes. Thus, the description of NG2 cells is somewhat confusing and it becomes important in the paper.

5\) The authors state they identify the origins of NG2 glia in the ventral telencephalon. However, the Richardson lab has described this for OPCs in prior studies, importantly Kasaris et al. 2006 Nature Neuroscience, which is not cited. Because NG2 is expressed on OPCs and given findings referred to above, data in [Figure 2](#fig2){ref-type="fig"} seem redundant with prior published work. Indeed, the Kessaris paper showed that early wave OPCs from ventral Nkx2.1^+^ telecephalic precursors are replaced by later waves of OPCs from more dorsal domains. These points and the novelty of the findings need to be clarified.
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Author response

Essential revisions:

1\) The reviewers were not able to unequivocally conclude that the observed vascular defects are indeed caused by the loss of polydendrocytes. The authors make a convincing case that Cre-mediated recombination does not occur in vascular cells in NG2-cre:ROSA-YFP mice. However, other studies have shown Cre activation in embryonic vascular cells in NG2cre mice. Zhu et al., 2008 showed that in NG2-cre:zeg double transgenic mice there is significant reporter expression in vascular cells at E18. Huang et al., GLIA 2014 showed that in NG2creER:Rosa-tdTomato mice, which is more sensitive to Cre than ROSA-YFP mice, vascular cells become Tomato+ after Cre induction in the embryo. The lack of YFP detection in pericytes in this study may be due inefficient Cre recombination for activating YFP expression. However, the low level of recombination may still cause sufficient DTA expression to kill pericytes. To rule this out, the authors should perform pericyte staining, e.g. Pdgfrb, in the NG2-cre:Rosa-DTA mice to see whether the number and morphology of pericytes are altered after polydendrocytes ablation. The phenotype of Nkx2.1-cre:Rosa-DTA still supports the notion that NG2 cells are needed for vascular development. To be complete, the authors should show GLAST staining in these (Nkx2.1-cre:Rosa-DTA) mice to rule out the possibility that loss of astrocytes is not contributing to the vascular phenotype. If there is loss of pericytes in NG2-cre:Rosa-DTA mice and if there is astrocyte loss in the relevant regions (e.g. corticoseptal boundary as their Minocha et al. 2015 paper suggests), then enthusiasm for the findings will be significantly diminished.

We are aware of the fact that the pericytes are known to physically interact with endothelial cells and contribute towards vessel maintenance and formation. Hence, we wanted to make sure that these cells are not affected in our conditional mutants. Though NG2 is expressed by pericytes, the *NG2-Cre^+^* transgenic strain used by us did not exhibit sufficient Cre-mediated recombination in them. Only very few pericytes, co-labeled for PDGFRβ and YFP, could be seen in the dorsal telencephalon with *NG2-Cre^+^/Rosa-YFP* mice. We had shown some of these results in the previous [Figure 3B](#fig3){ref-type="fig"} (additional results now in [Figure 3G](#fig3){ref-type="fig"}) of the submitted manuscript. Now, we are providing quantification for comparison of pericytes labeled with PDGFRβ and those labeled for YFP in *NG2-Cre^+^/Rosa-YFP* mice. Additionally, the pericytes were not ablated in *NG2-Cre^+^/Rosa-DTA* mice also due to the lack of sufficient Cre-mediated recombination in these cells. We had shown some of these results in the previous [Figure 3F](#fig3){ref-type="fig"} (additional results now in [Figure 3H](#fig3){ref-type="fig"}) of the submitted manuscript.

In light of the concerns raised by the reviewers, we further investigated the *NG2-Cre^+^* strains to confirm the level of recombination efficiency in pericytes by using the following experimental strategies:

A\) We took additional images of *NG2-Cre^+^/Rosa-YFP* mice brains stained with PDGFRβ and YFP at E18.5. In all analyzed dorsal telencephalic sections, we could only see very few pericytes that were both PDGFRβ^+^ and YFP^+^. The majority of the PDGFRβ^+^ pericytes population was YFP^-^. Quantifications of the two populations: PDGFRβ^+^ YFP^-^ pericytes and PDGFRβ^+^ YFP^+^ pericytes showed that only 4.95 ± 1.54% of total PDGFRβ^+^ pericytes-population is co-labeled with YFP. Please see quantifications in [Figure 3G](#fig3){ref-type="fig"} of the revised manuscript. Thus, these results confirm our previously stated claims that there is scarce Cre-mediated recombination in the pericytes in the *NG2-Cre^+^/Rosa-YFP* mice brains and the large majority of the YFP signal is present in NG2^+^ glia.

B\) We also acquired additional images of some *NG2-Cre^+^/Rosa-DTA* mice brains stained with PDGFRβ and NG2 at E18.5. In all the analyzed brain sections, no decrease in density of PDGFRβ^+^ pericytes could be seen in the dorsal telencephalon. The number of PDGFRβ^+^ pericytes observed in *NG2-Cre^+^/Rosa-DTA* mice was similar to those seen in *NG2-Cre^-^/Rosa-DTA* mice control brains, as also revealed by the quantitative analyses now done by us. Please see the quantitative results in [Figure 3H](#fig3){ref-type="fig"} of the revised manuscript. Thus, these additional results confirm that due to the lack of sufficient Cre-mediated recombination in the pericytes, the blood vessel network seen with *NG2-Cre^+^/Rosa-DTA* mice dorsal telencephalon can be mainly attributed to the NG2^+^ glia.

C\) It is notable that Zhu et al., 2008 primarily looked at the recombination efficiency in *NG2-Cre^+^/Rosa-tdTomato* mice at P30 only whereas our studies are centered towards late embryonic (and early postnatal) stages only. This age difference (embryonic versus P30) could be the primary reason why we do not see sufficient recombination in pericytes while authors in Zhu et al., 2008 do see significant recombination in pericytes.

D\) Next, we aimed to confirm that the GLAST^+^ astrocytes are not affected in the dorsal telencephalon of *Nkx2.1-Cre^+^/Rosa-DTA* mice brains at E18.5. In *Nkx2.1-Cre^+^/Rosa-YFP* mice, recombination can only been seen primarily in the GLAST^+^ astrocytes of the ventral telencephalon whereas no evident recombination can be seen in those that occupy the dorsal telencephalon (as shown in [Figure 2I--J](#fig2){ref-type="fig"}). Thus, we did not expect to see a drastic ablation in GLAST^+^ astrocytes of the dorsal telencephalon with *Nkx2.1-Cre^+^/Rosa-DTA* mice brains. Indeed, upon co-immunostaining with GLAST, we found that there was no significant ablation of GLAST^+^ cell population in cingulate cortex of the *Nkx2.1-Cre^+^/Rosa-DTA* mice brains when compared to control *Nkx2.1-Cre^-^/Rosa-DTA* mice (for images and quantification, please see [Figure 3--figure supplement 2](#fig3s2){ref-type="fig"}).

Absence of recombination in the astrocytes of the dorsal telencephalon was the primary reason for deciding to concentrate on the dorsal telencephalon in this manuscript.

Therefore, from the above-mentioned experiments, we are sure that only very few pericytes are affected in *NG2-Cre^+^/Rosa-DTA* mice and no astrocytes are affected in *Nkx2.1-Cre^+^/Rosa-DTA* mice. Moreover, the vascular defects visualized in *NG2-Cre^+^/Rosa-DTA* and *Nkx2.1-Cre^-^/Rosa-DTA* mice brains, are also coherent with our claim that indeed the NG2*^+^* glia are mainly responsible for the observed defects in the blood vessel network. Thus, all the vessel network developmental defects seen with these two mice strains can directly be attributed to primarily NG2*^+^* glia ablation.

2\) No mechanistic detail is provided for how NG2 cells carry out their putative vascular regulatory role. It is unclear whether the authors propose that NG2 cells secrete angiogenic factors and how these balance against known roles for neuroepithelial precursors in embryonic brain (e.g., Stenman et al., 2008)? For example, it should be straightforward to assess VEGF or Wnt expression at the appropriate stages of NG2 cell development and then target a loss of function study to show the precise mechanisms involved. Do NG2 cells have direct or indirect effects on vasculature? No angiogenic assays are performed.

We came to the conclusion that the NG2^+^ glia regulate the developing vasculature in the embryonic brains due to their: (i) timely presence in the telencephalon, (iii) close juxtaposition to the developing vessels, and because (iii) we could observe significant vascular defects upon their ablation in the dorsal telencephalon. For the question raised by the reviewers, we had shortly discussed the information about how NG2^+^ glia carry out their regulatory rolein the Discussion section of our previously submitted manuscript and now we have added more details in the revised Discussion section.

The repertoire of factors expressed by NG2^+^ glia themselves are not explored much yet. We are aware that the developing vessel network is dependent on several growth factors such as vascular endothelial growth factor A (VEGF-A), VEGF-B, VEGF-C, VEGF-D and placental growth factor (PlGF) that bind to different tyrosine kinase receptors (VEGFR) expressed on endothelial cells. Other signaling pathways also aid in the development of the vascular circuitry like angiopoietin1/Tie2; Notch/Delta-like-4/JAG1; Wnt signaling and guidance cues with their associated receptors such as ephrin-B2 and EphB4, Slit and Robo4, Netrins and Unc5/Dcc, class 3 semaphorins and Neuropilins/Plexins.

Recently, an elegant study performed in postnatal mice showed that the OPCs-intrinsic Hypoxia-inducible factors 1/2 (HIF1/2) signaling stimulates endothelial cell proliferation in vitro and increases CC white matter angiogenesis in vivo (Yuen et al., 2014). This study leads us to question if the embryonic NG2^+^ glia we have identified also regulate vessels outgrowth through HIF1a and/or HIF2a action. Notably, the population addressed by Yuen et al., 2014 primarily focuses on the effects in postnatal brains, whereas the NG2^+^ glia identified by us disappear by P8. Nonetheless, we proposed that it will be interesting to perform in vivo brain analyses of angiogenesis in mouse embryos from *NG2-Cre* mice crossed with *HIF1a floxed, HIF2a floxed* or *HIF1/2a floxed* mice, allowing selective gene inactivation of HIFs in NG2^+^ glia only.

Several studies have shown that growth factors can regulate the NG2^+^ glia proliferation and migration -- of which some belong to PI3K/mTOR and Wnt/β-catenin signaling pathways (Frost et al., 2009; Hill et al., 2013). In particular, Wnt/β-catenin signaling pathway has been suggested to be the critical player required for molecular and cellular steps necessary for proper brain vascularization. As pointed by the reviewers, authors in Stenman et al., 2008 have shown that the broad expression of Wnt7a/7b ligands in the developing early embryonic CNS and induction of Wnt/β-catenin signaling is required for formation and differentiation of the embryonic brain vasculature. The study of Stenman et al., 2008 has also shown that the Wnt/β-catenin signaling is also important for the blood-brain barrier, a structure formed by the brain blood vessels. The effects of the absence of Wnt7a/7b ligands are evident already in early embryonic ages i.e. E12.5 and are crucial for ventral CNS vasculature (Stenman et al., 2008). Notably, the NG2^+^ glia are not present in the dorsal telencephalon as early as E12.5. Hence, a closer dissection of these and other Wnts would be required to ascertain if the NG2^+^ glia are mediating their roles in vascularization through Wnts at later stages i.e. when we observed the defects (E16.5---E18.5).

Furthermore, several other secreted guidance molecules such as netrin, semaphorins and chemokines have been additionally shown to influence the localization of the NG2^+^ glia (Jarjour et al., 2003; Spassky et al., 2002; Tsai et al., 2002; Piaton et al., 2011; Vora et al., 2012). For a better understanding, a complete dissection of all the different angiogenic factors will be required.

As pointed by the reviewer, the complete understanding of molecular mechanisms undertaken by NG2^+^ glia to guide and aid angiogenesis will provide significant insight into angiogenesis. We aim in the future to identify the exact molecular mechanisms through which NG2^+^ glia act. This would require a complex screening using RT-PCR and extensive histology to verify the mechanisms. Also, as suggested by the reviewers, in vitro and in vivo angiogenic assays will be required for the identification of the angiogenic and growth factors together with testing of anti-angiogenic compounds. Thereafter, the promising candidates will be evaluated in vitroafter siRNA manipulations and ex-vivo using organotypic brain slices (Merz et al., 2013, Merz and Bechmann, 2011). It would be also necessary to analyze the coordinated and oriented cell movements that are necessary for the development of the vascular network especially during sprouting and subsequent maturation phases by performing confocal time-lapse video microscopy studies on embryonic and post-natal organotypic brain slices (Larin et al., 2009). Similar video microscopy techniques allowed us previously to study growth cone behaviors of Tomato-labeled axons while they encountered guidepost neurons along the corpus callosum tract (Niquille et al., 2013). We only aim to perform the aforementioned studies in near future (see the Discussion section).

3\) The authors show only one time point for their vascular measurements. Is E18.5 the earliest time point at which they see a difference in the vasculature? Was there a decrease in polydendrocyte numbers prior to that? Do the vascular defects eventually correct themselves after prolonged absence of NG2^+^ glia? A finer parallel time course analysis of the loss of polydendrocytes and the changes in the vasculature should be performed to confirm that the latter follow the former and are not due to non-polydendrocyte-mediated effects of the ablation.

Analyses of vascular network in E14.5 *Nkx2.1-Cre^+^/Rosa-DTA* mice did not show any vessel network formation defects (as shown in [Figure 5--figure supplement 1B](#fig5s1){ref-type="fig"}). In *Nkx2.1-Cre^+^/Rosa-DTA* mice, the vascular defects started at E16.5 (as shown in [Figure 5--figure supplement 1D](#fig5s1){ref-type="fig"}) and were clearly evident and significant by E18.5 ([Figure 4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and 6). Also, longitudinal analyses of NG2^+^ glia in *Nkx2.1-Cre^+^/Rosa-DTA* mouse brains at E14.5, E16.5 and E18.5 was performed by us (see new [Figure 4--figure supplement 1](#fig4s1){ref-type="fig"}) and we saw a drastic decrease in number of NG2^+^ glia in the dorsal telencephalon at E16.5 and E18.5 (in new [Figure 4--figure supplement 1](#fig4s1){ref-type="fig"} compare panels B to E and C to F).

Importantly, the loss of NG2^+^ glia from the dorsal telencephalon precedes the vessel network defects and therefore, supports their active and crucial role in brain vascularization.

The Nkx2.1-derived NG2^+^ glia cease to exist in later postnatal stages and analyses of postnatal *NG2-Cre^+^/Rosa-DTA* brains at P17-P21 did not reveal any significant blood vessel network defects when compared to littermate *NG2-Cre^-^/Rosa-DTA* brains (see [Figure 5--figure supplement 4](#fig5s4){ref-type="fig"}). Also, the mice do not show any other phenotypic defects.

Thus, it appears that the contribution of the NG2^+^ glia is important to keep up with the fast pace of embryonic brain development, however, postnatally their loss in developing brain is maybe compensated by either later appearing waves of NG2^+^ glia (like shown previously in Kessaris et al., 2006) or through other cells.

We wanted to additionally analyze the *Nkx2.1-Cre^+^/Rosa-DTA* mice at postnatal stages but it was experimentally impossible since these mice die at birth.

4\) The introduction of NG2 cells as \"polydendrocytes\" is confusing for the general reader. Are the authors referring to OPCs or some other type of NG2 glia? What distinguishes a polydendrocyte from an OPC since both do not only make oligodendrocytes? Until the Results section, the description of NG2-labeled cells fails to mention pericytes. Thus, the description of NG2 cells is somewhat confusing and it becomes important in the paper.

We apologize for the confusion generated due to the terminology used by us for the NG2^+^ cells in the submitted manuscript. The cells described in our study have been discriminated from the other cells primarily through the use of antibody against NG2 and *NG2-Cre*^+^ transgenic mice. Other mural cells (especially pericytes) are also labeled by anti-NG2 but are not affected in our ablation studies using *NG2-Cre^+^/Rosa-DTA* mice due to insufficient Cre-mediated recombination in them. Thus, the proposed function of vascular network development in the manuscript is majorly dependent on the presence of NG2^+^ glia.

We do not aim to discriminate the Nkx2.1-derived NG2^+^ glial population from previously identified oligodendrocyte precursor cell (OPC) populations. Though, the Nkx2.1-derived NG2^+^ glial population specified in this study corresponds to the previously identified OPCs (Kessaris et al., 2006), we preferred not to call them as OPCs due to their transient nature and rapid disappearance by P8. Upon postnatal investigation of *Nkx2.1-Cre^+^/Rosa-YFP* brains at P8, we observed that we did not see any substantial number of YFP^+^ cells that were also Olig2^+^ -- only rare cases were seen in the dorsal telencephalic region (see new [Figure 2--figure supplement 2D](#fig2s2){ref-type="fig"}). Hence, it appears that the Nkx2.1-derived NG2^+^ glial population disappears without giving rise to several oligodendrocytes.

Therefore, in the revised manuscript, we chose to refer cells as "NG2^+^ cells" when we mention the total NG2^+^ profile i.e. polydendrocytes and other mural cells like pericytes and endothelial cells identified by the NG2 antibody.

And, we refer cells as "*NG2^+^ glia*" that are identified by *both* anti-NG2 and transgenic lines (ex: *NG2-Cre*^+^) used in the study -- thus, this would exclude the other mural cells leaving behind only NG2^+^ glia or polydendrocytes (also described in previous reports like Nishiyama et al., 2009).

5\) The authors state they identify the origins of NG2 glia in the ventral telencephalon. However, the Richardson lab has described this for OPCs in prior studies, importantly Kasaris et al. 2006 Nature Neuroscience, which is not cited. Because NG2 is expressed on OPCs and given findings referred to above, data in [Figure 2](#fig2){ref-type="fig"} seem redundant with prior published work. Indeed, the Kessaris paper showed that early wave OPCs from ventral Nkx2.1^+^ telecephalic precursors are replaced by later waves of OPCs from more dorsal domains. These points and the novelty of the findings need to be clarified.

We apologize that the text created some confusion about the novelty of the data presented in [Figure 2](#fig2){ref-type="fig"}. In our submitted version of the manuscript, we had mentioned the publication by Kessaris et al., 2006 with text stating that, "Since *Nkx2.1*-regulated precursors have been shown in embryos to produce transient OPCs in addition to giving rise to GABAergic interneurons and astrocytes, we decided to make use of the *Nkx2.1-Cre^+^/Rosa-YFP* mice". We realize that we should have added more sentences to explicitly mention previous work done by Kessaris et al., 2006.

With [Figure 2](#fig2){ref-type="fig"}, we wanted not only to show the results that have been previously obtained by Kessaris et al., 2006 but we also wanted to show (i) the Cre-mediated recombination efficiency, (ii) restricted temporal placement of the visualized NG2^+^ glia, and (iii) the spatial localization of the NG2^+^ glia in the dorsal telencephalon with our used mice strain. We further wished to highlight the presence and influence of the NG2^+^ glia on vascularization at the time of blood vessel network development that is directly linked to their function in the developing embryonic blood vessel network. There is only a subtle difference between the day of disappearance of NG2^+^ glia observed by us *i. e. P8* and that mentioned in Kessaris et al., 2006 *i.e. P10*. Apart from this, our results are similar to those published in Kessaris et al., 2006.

In order to avoid any confusion about novelty, we have modified the text related to [Figure 2](#fig2){ref-type="fig"} in the Results section, to emphasize the work done by Kessaris et al, 2006 and its direct relevance to our work.

[^1]: These authors contributed equally to this work.

[^2]: These authors also contributed equally to this work.
